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______________________________Summary 
 
This dissertation is concerned with the synthesis and properties of different well-defined 
complex polymer structures based on functional acrylates and methacrylates by means of 
modern controlled polymerization procedures such as atom transfer radical 
polymerization (ATRP) and reversible addition-fragmentation chain transfer (RAFT) 
polymerization. The objective was to substitute different functional polymer architectures 
with photochromic spiropyran molecules to enable light induced energy transfer. These 
molecules undergo reversible, specific wavelength-induced changes in molecular 
properties such as colour shifting and conversion of light energy into mechanical 
switching. These changes are based on the light induced isomerization of the usually 
colourless, non-polar spiropyran species to coloured, fluorescent, zwitterionic 
merocyanine species. 
 
Different well-defined linear copolymers, like P(MMA-co-HEMA), P(BA-grad-HEMA-
TMS), P(BA-co-HEA-TMS) and P(BMA-co-HEMA-TMS), were prepared via ATRP and 
RAFT polymerization. Even highly complex polymer brush architectures with different 
grafting densities, a highly dense grafted, a less dense grafted and a gradient type grafted 
polymer brush consisting of polymethacrylate backbones and P(BA-co-HEA-TMS) side 
chains, were synthesized using RAFT polymerization and ATRP. In all cases the 
microstructure of these polymers was determined via kinetic studies. Cleavage of the 
TMS protective groups gave access to different polymer architectures with 
hydroxyfunctional groups that have been successfully used to incorporate spiropyran 
derivatives with carboxylic acid functionalities by means of dicyclohexylcarbodiimides as 
condensing agents to give the corresponding esters. We observed that this polymer 
analogous reaction can be driven to quantitative conversion in case of linear functional 
copolymers but conversion decreases with increasing grafting density in case of polymer 
brushes with P(BA-co-HEA) side chains due to steric hindrance. In fact, in case of highly 
dense grafted polymer brush architectures the attempt to bind spiropyran molecules to the 
functional HEA repeating units of the side chains failed. 
 
The ability to use light energy to change the properties of the spiropyran substituted 
copolymers was demonstrated in different experiments using i.e. linear P(BMA-co-
Summary 
HEMA-spiropyran) chains and free spiropyran molecules in comparison in solution and 
adsorbed on specific substrates. 
UV/Vis spectroscopy was used to measure the reversible photoswitching of the non-
coloured spiropyran derivatives upon exposure to UV light to coloured merocyanine 
species in different solutions. Rate constants and half life times of the photoswitching 
process were estimated for P(BMA-co-HEMA-merocyanine) to P(BMA-co-HEMA-
spiropyran) and for free merocyanine to spiropyran in toluene. The half life time of free 
merocyanine increased in the presence of polar mica particles whereas the polymer 
backbone of P(BMA-co-HEMA-merocyanine) shielded the merocyanine moieties from 
mica particles and was responsible for a less polar microenvironment and thus the half 
life time decreased. 
The reversible photoswitching ability was also proven in polymer films coated on mica 
surfaces by measuring the fluorescence of the merocyanine species. Fluorescence 
measurements with single adsorbed molecules failed due to the poor photon emission of 
the merocyanine derivatives. 
 
A rather ambitious aim of this thesis was to explore a concept for a light driven molecular 
walker, which consists of a spiropyran substituted copolymer and uses the light energy for 
molecular motility. The key-step in the concept is to exploit the reversible switching from 
non-polar spiropyran to zwitterionic merocyanine species for control of the 
adsorption/desorption of the macromolecules on mica and thus to effect a macromolecular 
conformational change of the polymer, i.e. collapse and extension of the macromolecules 
due to the change in dipole-dipole/dipole-substrate interactions by means of light, 
following a segment and soldier principle. 
Scanning force microscopy (SFM) was used to image the different polymer brushes. So 
far, no light-induced conformational changes were observed upon irradiation. In the case 
of the brushes this might be due to the very small fraction of spiropyran groups. However, 
also in case of linear P(BMA-co-HEMA-spiropyran) molecules adsorbed on mica no 
conformational changes of polymers have been observed by SFM in situ during 
irradiation with UV- or Vis-light, which has been expected to causes photoswitching to 
P(BMA-co-HEMA-merocyanine). The attractive forces of the merocyanine dipoles are 
not high enough to cause the polymers to collapse or photo-switched zwitterionic 
merocyanine species are trapped by the polar mica surface. 
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However, agglomeration of single P(BMA-co-HEMA-spiropyran) chains has been 
monitored when the spiropyran substituted macromolecules were irradiated in toluene 
solution. Here the dipole-dipole-interactions of the merocyanine species affected inter- 
and intramolecular forces after exposure to UV-light. Once adsorbed on mica, the 
molecules presented their state, i.e. agglomerated merocyanine polymers or extended 
spiropyran polymers, even when the merocyanine polymer were exposed to visible light 
to cause reisomerization to the spiropyran form. In situ SFM on mica demonstrated 
however that extended single P(BMA-co-HEMA-spiropyran) chains collapse reversibly 
to globules when they are exposed to ethanol/water vapours respectively. This is 
explained by changes of the spreading coefficient, which enabled motion of the 
macromolecules on the surface. 
  
The preparative results of the presented functional grafted polymers established the basis 
for an effective grafting strategy that has been developed. The approach was used to 
synthesize antibacterial polymers by grafting a poly(2-phenoxycarbonyloxyethyl 
methacrylate) backbone with different concentrations of quaternary ammonium groups 
and long alkyl chains. The amphiphilic water-soluble polymers exhibited excellent 
antibacterial properties against Gram positive and Gram negative bacteria. Comb 
polymers with hydrophilic Jeffamine side chains were synthesized to demonstrate the 
versatility in synthesizing also densely grafted polymer architectures using this grafting 
concept. 
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______________________Zusammenfassung 
 
Die vorliegende Arbeit behandelt die Synthese und Eigenschaften wohl definierter 
komplexer Polymerstrukturen auf Basis funktionaler Acrylate und Methacrylate mittels 
moderner Methoden der kontrollierten radikalischen Polymerisation unter Anwendung 
der "atom transfer radical polymerization" (ATRP) und der "reversible addition-
fragmentation chain transfer" (RAFT) Polymerisation. Ziel war es, diese funktionalen 
Polymerarchitekturen mit photochromen Spiropyranmolekülen zu dekorieren, um 
Strahlungsenergie aus der Umgebung aufnehmen zu können. Spiropyrane vollziehen 
reversible Eigenschaftsänderungen wie z.B. Farbveränderungen oder die Umwandlung 
von Lichtenergie in mechanische Energie (Bewegung) durch Anregung mit Licht einer 
spezifischen Wellenlänge. Diese Änderungen basieren auf der lichtinduzierten 
Isomerisierung der normalerweise farblosen, unpolaren Spiropyranspezies zur gefärbten, 
fluoreszierenden und zwitterionischen Merocyaninspezies. 
 
Verschiedene wohl definierte lineare Copolymere, wie z.B. P(MMA-co-HEMA), P(BA-
grad-HEMA-TMS), P(BA-co-HEA-TMS) und P(BMA-co-HEMA-TMS), wurden mittels 
ATRP oder RAFT-Polymerisation synthetisiert. Auch hochkomplexe 
Polymerarchitekturen mit unterschiedlichen Pfropfungsdichten wurden unter 
Verwendung der ATRP und RAFT Polymerisation synthetisiert, nämlich ein hochdicht 
gepfropftes Bürstenpolymer, ein weniger dicht gepfropftes und ein gradientenähnlich 
gepfropftes Bürstenpolymer. Dies geschah jeweils durch Pfropfung von P(BA-co-HEA-
TMS)-Seitenketten auf Polymethacrylat-Rückgrate unterschiedlicher Mikrostruktur. In 
allen Fällen konnte die Mikrostruktur der Polymere anhand von kinetischen 
Untersuchungen belegt werden. Nach Abspaltung der TMS-Schutzgruppen erhielt man 
Zugang zu verschiedenen Polymerarchitekturen mit hydroxyfunktionalen Gruppen, die 
erfolgreich mit Spiropyranderivaten mit einer Carbonsäuregruppe unter Verwendung von 
Dicyclohexylcarbodiimid als Kondensationsreagenz zu den entsprechenden Estern 
umgesetzt wurden. Diese polymeranaloge Reaktion konnte im Falle der linearen 
funktionalen Polymere zu quantitativen Umsätzen getrieben werden, während im Falle 
der Bürstenpolymere mit zunehmender P(BA-co-HEA)-Pfropfungsdichte aufgrund 
sterischer Hinderung eine Abnahme des Umsatzes beobachtet wurde. In der Tat gelang es 
nicht, Spiropyrane an die Hydroxygruppen innerhalb der hochdicht gepfropften 
Seitenketten der Bürstenpolymere anzubinden. 
Zusammenfassung 
 
Die Möglichkeit Lichtenergie zur Änderung der mit Spiropyranderivaten dekorierten 
Polymere hinsichtlich ihrer Eigenschaften zu nutzen, wurde anhand verschiedener 
Experimente belegt. Hierzu wurde beispielsweise das Verhalten linearer P(BMA-co-
HEMA-Spiropyran)-Ketten und zum Vergleich das freier Spiropyranmoleküle in Lösung 
und adsorbiert auf spezifische Substrate untersucht. 
 
Der durch die reversible Photoschaltung einhergehende Farbwechsel der 
Spiropyranderivate zur Merocyanin-Spezies nach Einwirkung von UV-Licht wurde 
anhand von UV/Vis-Messungen in unterschiedlichen Lösungsmitteln quantifiziert. Die 
Geschwindigkeitskonstante und Halbwertzeit des Photoschaltprozesses wurde von 
P(BMA-co-HEMA-Merocyanin) zu P(BMA-co-HEMA-Spiropyran) und vom freien 
Merocyanin zum Spiropyran in Toluol bestimmt. Es konnte gezeigt werden, dass die 
Halbwertzeit im Falle des freien Merocyanins in Anwesenheit von polaren Glimmer-
Partikeln zunimmt, während das polymere Rückgrat im Falle des P(BMA-co-HEMA-
Merocyanin) die polaren Merocyaninreste von den Glimmer-Partikeln abschirmt und 
dadurch eine weniger polare Mikroumgebung erzeugt.  
Die reversible Photoschaltbarkeit wurde ebenfalls in Polymerfilmen auf Glimmer 
bewiesen, indem die Fluoreszenz der Merocyaninderivate gemessen wurde. 
Fluoreszenzmessungen mit einzelnen adsorbierten Molekülen schlugen allerdings 
aufgrund der niedrigen Photonenemission der Merocyaninderivate fehl. 
 
Ein weiteres anspruchsvolles Ziel dieser Dissertation stellte die Entwicklung eines durch 
Licht angetriebenen molekularen "Walkers" dar, der sich aus mit Spiropyranmolekülen 
dekorierten Polymeren zusammensetzt und im Stande sein soll, Lichtenergie in 
Bewegungsenergie umzuwandeln. Unsere Hoffnung zielte darauf hin, dass die reversible 
Photoschaltbarkeit der unpolaren Spiropyranderivate zu zwitterionischen 
Merocyaninderivaten das Adsorptions/Desorptions-Verhalten jener funktionalen 
Polymere durch Konformationsänderungen beeinflussen könnte, indem Dipol-
Dipol/Substrat-Dipol-Wechselwirkungen lichtinduziert variiert werden. 
Mittels Rasterkraftfeldmikroskopie (SFM) konnte die Topographie der verschiedenen 
Bürstenpolymere adsorbiert auf Glimmeroberflächen abgebildet werden, jedoch zeigte 
sich in Folge der zu geringen Spiropyrankonzentration kein lichtinduzierter 
Konformationswechsel der Makromoleküle. Auch im Falle linearer mit 
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Spiropyranmolekülen dekorierten Polymere konnte keine Konformationsänderung 
adsorbierter P(BMA-co-HEMA-Spiropyran)-Ketten während UV-Belichtung bzw. im 
Falle adsorbierter P(BMA-co-HEMA-Merocyanin)-Ketten während Belichtung mit 
sichtbarem Licht, das das Schalten zum Spiropyranderivat verursacht, mittels SFM 
beobachtet werden. Entweder reichen die Dipol-Dipol-Wechselwirkungen der 
Merocyanindipole im Falle bereits adsorbierter Moleküle nicht aus oder einmal erzeugte 
Merocyaninspezies werden durch die polare Glimmeroberfläche als Dipol gefangen. 
Erfolgreich konnte jedoch die Agglomeration einzelner P(BMA-co-HEMA-Spiropyran)-
Ketten nach Bestrahlung mit UV-Licht durch Dipol-Dipol-Wechselwirkungen der 
isomeren Merocyaninderivate in Toluol nachgewiesen werden, nachdem die Polymere 
auf eine Glimmeroberfläche abgeschieden wurden. Die Abbildung der Konformation 
mittels SFM zeigt einzelne adsorbierte Polymerketten im Falle der Spiropyranspezies und 
agglomerierte Ketten im Falle der Merocyanin-dekorierten Polymere. Weiterhin konnte 
mittels SFM bewiesen werden, dass einzelne auf Glimmer adsorbierte P(BMA-co-
HEMA-Spiropyran)-Ketten einen reversiblen Konformationswechsel von einer 
gestreckten zu einer globulären Struktur unter Einfluss von Ethanol/Wasser- bzw. 
Wasser-Dämpfen durch die Veränderung des Spreitungs-Koeffizienten vollziehen, was zu 
einer Bewegung der Makromoleküle auf der Oberfläche führte. 
 
Aufbauend auf den Ergebnissen der vorgestellten funktionalen Polymere wurden neue 
Pfropfungsstrategien entwickelt. Eine vielseitige Methode zur Synthese antibakteriell 
wirksamer Polymere wurde verwendet, um auf ein Poly(2-
(phenoxycarbonyloxy)ethylmethacrylat-Rückgrat langkettige Alkylgruppen und 
quaternäre Ammoniumgruppen in unterschiedlichen Konzentrationen zu pfropfen. Es 
konnte gezeigt werden, dass diese amphiphilen, wasserlöslichen Polymere sehr gute 
antibakterielle Eigenschaften gegen Gram-positive und Gram-negative Bakterien 
aufweisen. Die universelle Verwendungsmöglichkeit des synthetisierten Poly(2-
(phenoxycarbonyloxy)ethylmethacrylats wurde durch die Umsetzung mit hydrophilen 
Jeffaminen demonstriert. Man erhielt so Zugang zu dicht gepfropften Kammpolymeren. 
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______________________________Chapter 1 
 
Introduction 
 
 
1.1 Contents of this thesis 
 
This thesis deals with the synthesis of different linear spiropyran substituted copolymers 
and the synthesis of different sophisticated polymer brush architectures substituted with 
spiropyran groups in the side chains. Since functional monomers are homo- and 
copolymerized and the controllability of the microstructure is essential, ATRP and RAFT 
polymerization was used to prepare narrow distributed polymer architectures. The 
spiropyran moieties enable light induced energy transfer to induce conformational 
changes of the polymers in solution and adsorbed on specific surfaces. Aim was to 
monitor these conformational changes upon irradiation. Light induced conformational 
changes of spiropyran decorated polymer architectures adsorbed on surfaces directly may 
lead to the development of light driven molecular walkers. 
This thesis is also concerned with the development of effective grafting strategies for the 
synthesis of antibacterial polymers. The synthesis of these polymers exhibiting good 
antibacterial properties in solution is demonstrated. 
The contents and objectives of the chapters of this thesis are given in the following: 
Chapter 1 summarizes the previous work, the in situ SFM observation of the 
collapse/decollapse of polymer brushes adsorbed on specific surfaces and provides the 
theoretical basis in form of a literature survey concerning the planned development of a 
light driven molecular walker. The motility concept of polymers at interfaces is 
explained; the behaviour of photoswitchable spiropyran molecules is presented and 
controlled radical polymerization techniques such as ATRP and RAFT are introduced. 
Chapter 2 describes the synthesis and characterization of different linear spiropyran 
substituted copolymers and their behaviour in solution and adsorbed on surfaces upon 
exposure to UV and visible light. 
Chapter 3 deals with the synthesis of polymer brushes with different grafting densities 
and the attempt to functionalize the side chains of the brushes with spiropyran molecules. 
Chapter 1 
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In Chapter 4, a versatile method to synthesize antibacterial polymers using an effective 
grafting method is introduced. These polymers show good antibacterial properties against 
Gram positive and Gram negative bacteria. Furthermore the synthesis of comb polymers 
with hydrophilic Jeffamine side chains using this grafting concept is presented. 
Chapter A (Appendix) describes the synthesis of different hydroxy functional 
polyacrylates and polymethacrylates via ATRP. 
In Chapter B (Appendix) the synthesis of hydroxy functional macromonomers and the 
attempt to synthesize comb polymers is presented. 
Chapter C (Appendix) deals with the AFCT copolymerization of hydroxy functional 
acrylates and methacylates using α-MSD to prove the ability in the preparation of narrow 
distributed high molecular weight copolymers. 
 
 
 
1.2 Motility concept of photoisomerisable macromolecules (literature 
overview) 
 
Conformations of comblike graft-copolymers like polymer brushes in solution and their 
adsorption at interfaces have been extensively studied over the past decades.1 A polymer 
brush consists of a macromolecular backbone densely grafted by macromolecular side 
chains (Figure 1). The steric repulsion between the side chains leads to rather stiff and 
thick macromolecules with unique properties compared to linear polymers.2 
molecular brush
shape: cylindrical
 
Figure 1: Cylindrical polymer brush consisting of a backbone densely grafted by side chains. 
 
Scanning force microscopy (SFM), which is based on mapping different types of 
interfacial interaction by a sharp probe, became an advanced method to measure the 
Chapter 1 
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surface topography of adsorbed macromolecules. Due to the large diameter (range of 
several nm) of polymer brushes in the case of a strong interaction with the substrate, 
individual molecules can be visualized by SFM. Recently the reversible collapse of 
polymer brushes in ethanol and water vapours was observed in situ using SFM.3  
High molecular weight poly(methacrylate)-graft-poly(n-butyl acrylate) (PMA-graft-PBA) 
brush molecules adsorbed on mica form aggregated globular conformations (collapse) in 
ethanol/water vapours but elongated to extended wormlike structures (decollapse) in 
humid air. Figure 2 shows the collapse of single, isolated polymer brushes monitored by a 
series of SFM images. The macromolecules were deposited by spincoating from a 
solution in chloroform. The initial image shows nicely elongated and adsorbed molecules 
(Figure 2, image a). If ethanol vapours were introduced (image b), a considerable increase 
of thickness was observed due to ethanol uptake and partial desorption of the side chains. 
Collapse of the extended swollen chains was achieved if besides ethanol vapour a small 
amount of water was introduced into the sample atmosphere. This is seen in Figure 2, 
images c-i. The molecules preferentially started to collapse at the chain ends and the 
collapse stops with coagulation to an individual globule. 
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Figure 2: Scanning force microscopy of the different stages of the collapse for long PMA-graft-
PBA brushes on mica in ethanol vapour. a) Initial image of the spincoated sample thoroughly 
dried under nitrogen; b) image obtained in absolute ethanol vapour 18 min after injection of 
absolute ethanol. In the atmosphere saturated by pure ethanol, the molecules swelled but did not 
collapse. When after 1 h 35 min, a droplet of water was added into the chamber, the collapse of 
the individual molecules proceeded. c–e) Images recorded at 1 h 47 min (c), 2 h 4 min (d), and 
2 h 57 min (e) after the first ethanol injection. At the small water concentration the structural 
transformation stopped again at the state shown in e, and only when at 3 h 5 min after ethanol 
injection another droplet of water was added into the chamber total collapse could be observed. 
f-h) Images obtained 3 h 14 min (f), 3 h 23 min (g), and 3 h 32 min (h) after ethanol injection; 
i) Final image of the collapsed molecules as arrested after purging the sample chamber with dry 
N2. Bar size: 300 nm, height scale: 10 nm. Images taken from Ref.3 
 
Figure 3 presents a series of SFM images taken at different stages of the decollapse 
process of the same molecules in real time after removal of ethanol/water vapour and 
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introduction of pure water vapour (images a-i). One can see how individual parts of the 
polymer chains emerge from the globules. The molecular motion stopped when the 
molecular strands were separated and had adopted a distinct curvature. This process was 
shown to be reversible if ethanol/water vapour was introduced to collapse the polymer 
brushes followed by pure water vapours to elongate molecules again. 
 
Figure 3: Scanning force microscopy of the different stages of the decollapse of the long PMA-
graft-PBA molecules on mica in a water saturated atmosphere. The figure depicts the same 
section as shown in Figure 2 starting with the sample after drying with N2 flow. a–i) images 
obtained 13 min (a), 22 min (b), 30 min (c), 39 min (d), 1 h (e), 1.5 h (f), 2 h (g), 4 h (h ) and 15 h 
(i) after water injection. Bar size: 300 nm, height scale: 10 nm. Images taken from Ref.3 
 
These observations were interpreted as follows.3,4 Conformational changes of polymer 
brushes with a flexible backbone and densely attached flexible side chains, which are 
adsorbed at an interface, depend on the interplay of the intramolecular and surface 
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forces.5-8 Interaction of the monomer units with a flat substrate breaks the symmetry and 
dimensionality of the system. Depending on the strength of interactions between the side 
chains and the surface, one can envision two distinct molecular conformations of 
cylindrical polymer brushes, in which the free energy is minimized:  
 
 
Figure 4: Conformation of cylindrical polymer brushes upon adsorption on a surface: (a) extended 
chain and (b) globule.4 
 
Figure 4a shows the stretched backbone, which is adopted because of the steric repulsion 
between the side chains if those adhere flatly on the substrate. The energy loss due to 
configurational entropy is compensated by a large number of surface contacts of the side-
chain monomer units. An alternative conformation is a globule (Figure 4b), which is 
entropically favoured by coiling of desorbed side chains at the expense of the number of 
surface contacts. The fraction of adsorbed side chains (Φa) depends on the lengths of the 
side chains n and the grafting density h (Figure 4). The spreading coefficient S is a 
combination of surface tension coefficients of the interfaces involved and indicates the 
strength of adsorption. Remarkably, the polymer brushes can undergo a transition at a 
critical condition, at which the free energies become identical. The transition may occur 
upon changing i.e. the surface pressure upon introduction of a co-adsorbance, i.e. the 
alcohol in the experiment described above or upon changing the temperature or the 
polarity of the substrate or molecules itself.  
As shown in Figures 2 and 3 the collapse/decollapse of PMA-graft-PBA brushes could be 
controlled by introduction of solvent vapours.4,9 The experiment showed that pure ethanol 
vapour was not sufficient to introduce the described rod-to-globule transition. Only if a 
small amount of water was introduced additionally the collapse of the polymer brushes 
could be affected. Pure water vapour, however, promoted extension of the brushlike 
molecules. This behaviour was explained as follows. The n-butyl acrylate units of the side 
chains compete in adsorption with the water and ethanol molecules (in case of polar mica 
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preferentially interaction of polar ester group of n-butyl acrylate monomeric units). As 
long as neither water nor ethanol is present, they stick strongly to the surface of mica. The 
introduction of water vapour causes formation of an ad-layer on mica, which can reduce 
the interaction of the side chains with the substrate and favours the collapse to a globule. 
Yet coadsorption of pure water does not promote the collapse of the brush molecules. 
This is in agreement with the observation that some molecules also spread in their 
extended conformation on liquid water. Only when the surface pressure is reduced by 
coadsorption of the less polar ethanol the collapse is effected. The observation, that also 
in the later case some water has to be present might be explained by pinning on surface 
defects that can only be overcome by water adsorption.3  
The observation that the collapse/decollapse process is reversible and that molecular 
brushes get stretched as the side chains get adsorbed on a flat substrate provides access to 
stimulated molecular action and motility by desorption of the brush molecule or a 
segment of it.2 Instead of uncontrolled mobility, motility of the macromolecules, i.e. self-
driven motion, can be affected by repetitive contraction/elongation events due to 
desorption/adsorption of the side chains of PMA-graft-PBA brushes. If a collapsed 
polymer brush molecule reabsorbs to a stretched conformation, it will eventually do a step 
forward as a sort of a creep motion. Indeed, macroscopically non-directed motion was 
observed monitoring collapse/decollapse cycles.2 In case of an asymmetric potential, the 
motion of the molecule can become directed on the molecular scale. If the desorption 
affects only a segment of the molecules, the other one remains loosely adsorbed and will 
keep some memory of its original orientation toward the substrate.2,10 The other segment 
can switch between strongly adsorbed and desorbed and the molecules will crawl in one 
direction. Figure 5 demonstrates this model. Still such a molecular walker would need 
some macroscopic guidance that prevents random reorientation, i.e. a random walk. 
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= centre of mass
 
 
Figure 5: Partial collapse of an asymmetric polymer brush with different dense grafted segments; 
decollapse moves molecule towards one direction. 
 
In case of polymer brushes with different segments regarding the grafting density, i.e. 
gradient type polymer brushes or block copolymer brushes with different grafting side 
chain densities, the rod-globule transition occurs only at the end where the brush is 
densely grafted.10 The fraction of adsorbed side chains (Φa) depends on the grafting 
density h (Figure 4) and dense grafted molecular brushes undergo the transition more 
readily compared to brushes with low grafting densities. While densely grafted brush 
molecules will collapse in a sharp first order transition, loosely grafted brush molecules 
desorb gradually. In case of asymmetric polymer brushes a coexistence of rod and 
globular conformations is consistent, where different grafting densities coexist in one 
molecule (Figure 6). The more readily collapse of dense grafted molecular brushes may 
be explained with the steric hindrance of the side chains. Some desorbed side chains do 
not interact with the surface and thus promote the collapse. 
Recently also the collapse/decollapse of single adsorbed linear poly(2-vinylpyridine) 
(P2VP) molecules adsorbed on mica was published obtaining similar results to PMA-
graft-PBA brushes.11 Real-time SFM images of the coil-globule transition, which are 
indeed more challenging imaging linear polymers due to the smaller size compared to 
polymer brushes, were obtained by exposure P2VP molecules to ethanol vapour to 
collapse the molecules and water vapour to extend the linear polymer chains. According 
to the graph of Figure 6 a relatively large decrease in the spreading coefficient should take 
place to cause the collapse of linear molecules, the transition become less distinct with 
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decreasing length of the side chains.4 In the case of polymer brushes, the phase transition 
from the coiled state (desorption) to the extended state (adsorption) is discontinuous: for 
brushes with long side chains, only a small change in the spreading coefficient S would be 
needed to cause drastic conformational changes (first-order transition). Indeed, the 
transition of polymer brushes was analyzed by scaling analysis that proved its first-order 
character.  
To conclude, by keeping polymer brushes close to the transition points in a fixed 
atmosphere, it should be possible to change the conformation in a controlled way with a 
small energy input. In case of linear polymers this transition becomes less distinct, thus 
the energy input might be poor in control. 
 
 
 
Figure 6: Spreading coefficient S as a function of the fraction of the adsorbed side chains Φa. The 
dotted lines indicate the transition from globular to rod-like conformation for a given side chain 
length n. For decreasing side chain length (up to linear polymers), the transition is gradual. The 
insert depicts the dependence of the spreading coefficient Scoex at coexistence of the two 
conformations on the side chain length.4 
 
However, collapse/decollapse cycles of polymer brushes and linear polymers adsorbed on 
surfaces leads to motion affected by the change in state, i.e. motility. A more attractive 
approach towards the realization of a molecular walker will be to cause the 
collapse/decollapse transformation by light. This is the focus of the work presented here, 
the collapse/decollapse of a polymer brush or a linear polymer is not to be caused by 
variation of the substrate surface energy using ethanol/water or pure water vapour, but by 
photochemical switching of the surface affinity of the macromolecules. For this purpose 
polymer brushes and linear polymers containing photoswitchable side groups will be 
prepared. The photoswitchable group is supposed to control the adsorption/desorption by 
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switching from a non-polar to a zwitter-ionic isomer. This way the polarity of the 
macromolecules can be switched at fixed environmental conditions. Our strategy involves 
the modification of the macromolecules with spiropyran groups. Spiropyrans are a well 
known group of organic photochromes whose properties have been studied extensively.12 
They undergo a reversible UV light photoinduced transformation from a non-polar closed 
spiropyran form to an open zwitterionic merocyanine form associated with reversible 
changes in dipole moments (Scheme 1). By thermal treatment or by visible light 
irradiation ring closure to the spiropyran occurs. 
 
N
O
NO2
R
NO2N O
R
UV light
merocyanine derivative =spiropyran derivative =
Vis light
 
Scheme 1: Photoisomerization of photochromic spiropyran. 
 
Spiropyrans have been incorporated into various materials i.e. surface bound 
monolayers,13-17 Langmuir monolayers,18,19 Langmuir Blodgett films,13-18 polymeric 
brushes,20-22 photocontrollable surfactants,23,24 liquid crystalline materials,16,25,26 
polymeric matrices,27-39 organic/inorganic hybrid systems,40,41 colloidal particles42-47 and 
spiropyran initiators for radical polymerisations.39 Studies have been aimed to change 
reversibly the properties of the material such as conductivity,14,29 wetting behaviour,15,17 
adsorption,28,38,43 metal ion complexation,33,48 chiral expression,27,49 surface 
morphology,13,18,34 gelation,36,50 solution viscosity,32,35 association/solubility,23,31,33,38 
control of local environment,39 mechanical effects,30,37 colloidal system stability42,45-47 and 
membrane permeability.20,21 
Exemplary, the α-helix to random coil transition of poly(L-glutamic acid) containing 
spiropyran groups attached to the side chains was observed as a result of a dimerization 
process of the zwitterionic merocyanine isomer.51 Generally, when photochromic 
spiropyran molecules are attached to polymer chains, their photoisomerization may 
induce conformational changes of the polymer chain in solution. This is expected to have 
consequences for the adsorption behaviour of single polymer chains on specific surfaces, 
which is represented in Figure 7. The scheme depicts a situation where the polymer chain 
itself is and the surrounding is rather non-polar. When the photoisomerizable groups are 
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switched by UV light to the zwitterionic form they will attract each other with in the low 
dielectric medium and cluster, thus causing the macromolecules to collapse. In 
competition to the electrostatic attractions between the newly created dipoles within the 
same macromolecule, Coulomb interactions of the dipoles with the substrate can cause 
pinning of the molecules onto the surface and limit chain mobility. Hence incorporation 
of side groups that ca be phototransformed reversibly to dipoles can either provide a 
means to alter the surface attraction and thus the spreading coefficient S (Figure 4) of the 
macromolecules or to cause internal attraction and thus again alter the spreading 
coefficient. Because internal attraction and surface attraction may counterbalance each 
other, the appropriate adjustment of the concept for the chosen substrate is essential. 
 
 
  UV light
Vis light
 
Figure 7: Schematic representation of the proposed mechanism responsible for the 
conformational change of macromolecules. 
 
Hence, this thesis deals with the synthesis of polymer brushes with spiropyran decorated 
side chains of different grafting densities, the synthesis of asymmetric polymer brushes 
with spiropyran decorated side chains and the synthesis of linear copolymers with 
spiropyran groups to induce conformational changes in solution and adsorbed on specific 
surfaces. Aim was to monitor conformational changes by scanning force microscopy 
(SFM), that are induced upon irradiation by UV light or visible light. Light affected 
conformational changes of spiropyran decorated linear copolymers and polymer brushes 
adsorbed on surfaces monitored by SFM will provide a further step to the development of 
light driven molecular walkers. 
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1.3 Synthesis of polymer brushes and linear copolymers using ATRP and 
RAFT (literature overview) 
 
Free radical polymerization is one of the most widely used processes for the commercial 
production of polymers.52 The versatility of this technique originates from its tolerance 
towards impurities like stabilizers, water and traces of oxygen and the wide variety of 
different functional monomers applicable.53 Free radical polymerization has some notable 
limitations with respect to the control on macromolecular structure, in particular, the 
molecular weight distribution, microstructure and architecture. In free radical 
polymerization new chains are initiated continuously, propagate, and are terminated 
continuously. Since the steady-state concentration of propagating species is about 10-7 M, 
and individual chains grow for 5-10 sec. before terminating, chain termination occurs by 
radical-radical reaction when the propagating radicals react by combination or 
disproportionation. In the consequence the molecular weight distribution becomes broad 
(Mw/Mn > 1.5).  
A much more narrow molecular weight distribution (Mw/Mn < 1.1) can be achieved in the 
case of an ideal living polymerization.54 All chains are initiated at the same time, grow at 
the same rate, and survive the polymerization without termination. The most prominent 
method of this is living anionic polymerization.55 However, the stringent conditions 
required for the anionic polymerization limit the range of monomers and functionalities 
that can be used.56  
Only in the last 20 years a living character was enabled by new radical polymerization 
techniques suppressing all processes that terminate chains irreversibly. Because of the 
distinct concepts and the limitations the term controlled radical polymerization (CRP) has 
been coined. CRP is among the most rapidly developing areas of polymer science.57,58 It 
enables the preparation of previously inaccessible macromolecular structures like polymer 
brushes and novel linear copolymers with narrow molecular weight distribution (usually 
Mw/Mn < 1.3). The most important techniques developed include stable free radical 
polymerization (SFRP) or nitroxide mediated polymerization (NMP),59-62 atom transfer 
radical polymerization (ATRP)63 and reversible addition-fragmentation chain transfer 
(RAFT)64 polymerization. In these processes free radicals may be generated reversibly 
from dormant species by the spontaneous thermal process (in NMP using 2,2,6,6-
tetramehylpiperidinyl-1-oxyl, TEMPO), via a catalyzed reaction (in ATRP: using 
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transition metal complexes) or via the degenerative exchange process (in RAFT using 
dithioester agents). 
In this thesis the synthesis of polymer brushes using the "grafting from" approach was 
realized using a combination of ATRP and RAFT polymerization. Molecular brushes can 
be synthesized by three different methods,65 by "grafting from",66-69 "grafting 
through"66,70-72 and "grafting onto"73,74 which are explained in detail in chapter 3. 
Furthermore, the synthesis of functional linear copolymers with a controllable 
architecture and microstructure was realized using ATRP. Thus the main principles of 
both techniques will be presented in the next section. 
Since its discovery in 1995, atom transfer radical polymerization (ATRP)75 has been 
successfully employed for the polymerization of a variety of styrene, acrylate and 
methacrylate monomers with a high tolerance of growing species to many functional 
groups including acids, hydroxy- and amino groups. The name ATRP originates from the 
atom transfer step, which is the key elementary reaction responsible for the uniform 
growth of the polymer chains. In ATRP the polymerization is typically started with 
α-halogenated esters (Scheme 2). Radicals are generated through a reversible redox 
process catalyzed by a transition metal complex (LnMtz with L = typically nitrogen 
ligands and Mt = Cu, Fe, Ru, Ni, Pd…), which undergoes a one-electron oxidation with 
simultaneously abstraction of a (pseudo)halogen atom (X) from the initiator or a so-called 
dormant chain-end (Pn-X) characterized by a rate constant of activation, kact. At this point 
a polymer chain can grow by the addition of monomers (M) in a manner similar to free 
radical polymerization. But as shown in Scheme 2 the system equilibrates between the 
active species and the dormant species by means of reduction of the transition metal 
complex (LnMt(z+1)X) characterized by a rate constant of deactivation kdeact > kact. This 
keeps the concentration of active radicals very low (approximately 10-8 - 10-7 M) in the 
reaction system76 and thus results in negligible radical termination. 
Pn
M
kp
kact
kdeact
LnMt(z+1)XLnMtzPn-X
kt
Pm
Pn+m or Pn + Pm
dormant
species
active
species
Initiation and Propagation:
Termination:
 
Scheme 2: Mechanism of atom transfer radical polymerization (ATRP). 
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Provided initiation is fast and the anticipated molecules from the monomer to initiator 
ratio is not too high, narrow molecular weight distribution and end group control can be 
achieved. 
Whereas ATRP is a versatile technique for the controlled polymerization of low to 
moderately high molecular weight polymers, high molecular weight polymers (> 100000 
g/mol)77 are more easily obtained by reversible addition-fragmentation chain transfer 
(RAFT) polymerization, which was proposed in 198878 and later confirmed in 1998.79 
Similar to ATRP, RAFT polymerization can be used to produce complex polymer 
architectures (i.e. block, star, and branched copolymers) and microstructures (like block, 
gradient and statistical copolymers) with uniform chain length using a wide variety of 
monomers. The key elementary mechanism of RAFT polymerization is a sequence of 
addition-fragmentation equilibria as shown in Scheme 3.64,80  
 
Initiator I
M
Pn
Pn
M
Z
S S R
Z
S S RPn
Z
S SPn R
R
M
R M
M
Pm
M
Z
S S Pn
Z
S S PnPm
Z
S SPm PnPm
M
Pm Pn Pm Pn
Initiation:
Reversible Chain
Transfer:
Reinitiation
Chain Equilibrium:
Termination:
 
Scheme 3: Mechanism of reversible addition-fragmentation chain transfer (RAFT) polymerization. 
 
The initiation (typically using AIBN) and radical-radical termination occurs as in free 
radical polymerization. This step is followed by the addition of a propagating radical, the 
active species (Pn⋅, later also Pm⋅), to the thiocarbonylthio agent (RSC(Z)=S) in the early 
stage of polymerization, this is the reversible chain transfer. The radical intermediate 
gives rise to a polymeric thiocarbonylthio compound (PnS(Z)C=S) and a new radical (R⋅) 
which starts a new polymeric chain (reinitiation step) and forms (Pm⋅). Rapid equilibrium 
between the active propagating radicals (Pn⋅, Pm⋅) and the dormant polymeric 
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thiocarbonylthio compound (PnS(Z)C=S) provides equal probability for all chains to grow 
and thus polymers with narrow molecular weight distribution can be achieved. After 
polymerization most of the chains retain the thiocarbonylthio end group. In RAFT 
polymerization, the deactivation-activation equilibria are chain transfer reactions and 
radicals are neither destroyed nor additional radicals are formed in these steps. The 
internal source of free radicals from the initiator is required to initiate and maintain the 
polymerization and is chosen smaller with respect to the RAFT agent concentration to 
allow good control of the polymerization and to provide an acceptable balance to the rate 
of polymerization. 
Disadvantage of RAFT polymerization is the presence of the dithioester endgroups. 
RAFT agents are expensive, often coloured, not readily available and as most sulphur 
containing molecules the low molecular weight fragments can generate a strong odor. But 
endgroup transformations of thiocarbonylthio groups into thiols by reactions with 
nucleophiles or reduction of thiols with reducing agents gives access to non-coloured 
polymers.64 
A main disadvantage of ATRP is the presence of transition metal complexes, which are 
often toxic and expensive due to the nitrogen ligands. If the catalyst is not carefully 
removed polymers are coloured.63 
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______________________________Chapter 2 
 
Synthesis of linear copolymers with spiropyran side groups: 
Conformational changes of single molecules  
in solution and on surfaces 
 
 
2.1 Introduction 
 
Spiropyrans are a well known group of organic photochromes whose properties have been 
studied extensively.1 UV irradiation of a colourless spiropyran solution causes a 
reversible isomerization to the opened, fluorescent merocyanine form that absorbs light in 
the visible region of the spectrum (Scheme 1). By thermal treatment or by visible light 
irradiation isomerization of the coloured merocyanine to the spiropyran occurs. 
 
N
O
NO2
R
NO2N O
R
UV light
merocyanine derivative =spiropyran derivative =
Vis light
 
Scheme 1: Photoisomerization of photochromic spiropyran. 
 
These photochromic spiropyrans have been incorporated into various materials i.e. 
surface bound monolayers,2-6 Langmuir monolayers,7,8 Langmuir Blodgett films,2-7 
polymeric brushes,9-11 photocontrollable surfactants,12,13 liquid crystalline materials,5-15 
polymeric matrices,16-28 organic/inorganic hybrid systems,29,30 colloidal particles31-36 and 
spiropyran initiators for radical polymerizations28 with the aim to change reversibly the 
properties of the material such as conductivity,3,18 wetting behaviour,4,6 adsorption,17,27,32 
metal ion complexation,22,37 chiral expression,16,38 surface morphology,2,7,23 gelation,25,39 
solution viscosity,21,24 association/solubility,12,20,22,27 control of local environment,28 
mechanical effects,19,26 colloidal system stability31,34-36 and membrane permeability.9,10 
When photochromic spiropyran molecules are attached to a polymer chain, their 
photoisomerization may induce conformational changes of the polymer chain with 
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consequences for the adsorption behaviour of single polymer chains on specific surfaces. 
To study the effect of photoisomerization on changes in the chain conformation polymers 
with a controllable architecture and microstructure are required. 
Since its discovery in 1995, atom transfer radical polymerization (ATRP)40 has been 
successfully employed for the polymerization of a variety of acrylate and methacrylate 
monomers, such as methyl acrylate,41,42 methyl methacrylate43 and n-butyl acrylate.44,45 
Because of its radical nature, ATRP is tolerant to many functional monomers leading to 
polymers with specific functionalities along the chain. Hydroxyl functional monomers 
such as 2-hydroxyethyl acrylate (HEA),46,47 and 2-hydroxyethyl methacrylate 
(HEMA)48,49 have been polymerized using this technique, too. Furthermore, an alternative 
solution to synthesize hydroxyl functional polymers can be achieved with the protected 
monomers HEMA-TMS48,50 or HEA-TMS,47 which can be polymerized using conditions 
similar to those used for PMMA by ATRP.48 With these monomers, different controlled 
polymer architectures and microstructures can be obtained, such as block copolymers,48 
gradient copolymers51,52 or statistical copolymers.53  
Whereas ATRP is a versatile technique for the controlled polymerization of low to 
moderately high molecular weight polymers, high molecular weight polymers (> 100000 
g/mol)54,59 are more easily obtained by reversible addition-fragmentation chain transfer 
(RAFT) polymerization, which was proposed in 198855 and later confirmed in 1998.56 
Similar to ATRP, RAFT polymerization can be employed to produce complex polymer 
architectures (i.e. block, star, and branched copolymers) and microstructures (like block, 
gradient and statistical copolymers) with uniform chain length using a wide variety of 
monomers.57 
This chapter describes the synthesis of linear copolymers with different microstructures 
and molecular weights via ATRP or RAFT, namely P(MMA-co-HEMA), P(BA-grad-
HEMA-TMS), P(BA-co-HEA-TMS) and P(BMA-co-HEMA-TMS). The hydroxyl 
functionality was used for the polymer analogous esterification of a spiropyran with an 
acid functionality (Scheme 2). The polymers have been studied in solution by UV/Vis 
measurements and adsorbed on specific surfaces with fluorescent measurements. 
Attempts have been taken to visualize the photochromic polymers by SFM (scanning 
force microscopy) as adsorbed on selected surfaces. The photostimulated conformational 
changes of adsorbed polymer chains may lead to the development of a molecular walker. 
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Scheme 2: Synthetic route to spiropyran decorated copolymers. 
 
 
2.2 Experimental 
 
Materials 
 
2,3,3-Trimethylindolenine (>98 %, Aldrich), N,N´-dicyclohexylcarbodiimide (DCC, 99 
%, Fluka), dichloromethane (DCM, >99.5 %, Roth), 4-pyrrolidino pyridine (98 %, 
Fluka), 2-hydroxy-5-nitrobenzaldehyde (>99 %, Aldrich), β-iodopropionic acid (95 %, 
Aldrich), N-methyl morpholine (>99 %, Aldrich), 2,2´-bipyridine (bpy, >99 %, Acros), 
N,N,N',N'',N''-pentamethyldiethylene tetraamine (PMDETA, >98 %, Merck-Schuchardt), 
ethyl 2-bromoisobutyrate (EBrib, 98 %, Aldrich), 4-fluorobenzenesulfonyl chloride (98 
%, Aldrich), ethylene glycol (>99 %, Fluka), chloroform (>99 %, Merck), basic aluminia 
(Al2O3, Brockmann activity I, pH 9.5 ± 0.5, Fluka), diethyl ether (>99 %, Merck), 
acetonitrile (>99 %, Riedel-de Haen), elemental sulphur (sublimed, Aldrich), sodium 
methylate (97 %, Aldrich), methanol (99.5 %, Merck), benzyl chloride (>99 %, Fluka), 
1,2-dichloroethane (>99 %, Fluka), α-methylstyrene (>99 %, Merck-Schuchardt), 
S-(thiobenzoyl)thioglycolic acid (99 %, Aldrich), 2-methyl-2-propanethiol (99 %, 
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Aldrich), pentane (techn. grade), anisole (>99 %, Fluka), toluene (>99.9 %, Chromasolv, 
Sigma Aldrich) and acetone (>99 %, Fluka) were used as received. Ethanol (Merck) and 
tetrahydrofuran (Merk) were distilled from sodium. 2,2'-Azobisisobutyronitrile (AIBN, 
>98 %, Aldrich) was recrystallized from methanol. CuCl (97 %, Fluka) and CuBr (98 %, 
Aldrich) were purified by washing with glacial acetic acid, followed by absolute ethanol 
and acetone, and then dried under vacuum. 
Monomers like methyl methacrylate (MMA, >99 %, Fluka), n-butyl acrylate (BA, 99 %, 
Fluka), n-butyl methacrylate (BMA, 99 %, Merck) and 2-(trimethylsilyloxy)-ethyl 
methacrylate (HEMA-TMS, 96 %, Aldrich) were distilled under reduced pressure before 
use. 2-Hydroxyethyl methacrylate (HEMA, >99 %, Fluka) was purified by washing an 
solution (25 vol % in water) of monomer with hexane (3 x 200 mL), drying over MgSO4, 
and distilling under reduced pressure.48 2-(Trimethylsilyloxy)-ethyl acrylate was 
synthesized from 2-hydroxyethyl acrylate (96 %, Aldrich), 1,1,1,3,3,3-
hexamethyldisilazane (HDMS, 97 %, Aldrich) and chlorotrimethylsilan (TMSCl, >99 %, 
Fluka).  
Reactions were performed in round bottom flasks or Schlenk tubes equipped with septa in 
inert gas atmosphere of argon (Westfalen AG, 4.6, dried over mole sieve (4 Å) and 
potassium on aluminium oxide).  
 
 
Methods 
 
1H-NMR and 13C-NMR spectra were recorded on a Bruker DPX-300 FT-NMR 
spectrometer at 300 MHz and 75 MHz. Deuterated solvents were used and 
tetramethylsilane (TMS) served as the internal standard.  
UV/VIS absorption spectra were recorded with a Varian Cary 100 Bio spectrometer in 
tetrahydrofuran or toluene. A custom-made cell holder allowed simultaneous recording of 
adsorption and lateral illumination of the sample in standard cuvettes (d = 10 mm) with λ 
= 365 nm light from a custom-made UV-photodiode (1.4 mW). The solutions were stirred 
during the measurement. All measurements were performed at 21 °C.  
Fluorescence microscopy was performed by using an Axioplan2 Imaging microscope 
(Zeiss, Oberkochen, Germany) combined with an NXBO75 lamp (Zeiss) using a yellow 
filter (585 nm) from Zeiss. Pictures were taken with a NTE/CCD 512EBFT camera 
(Princeton Instruments, Trenton, NJ, USA). The intensity for fluorescence measurements 
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is given as total intensity using the statistics from WinView/32 software (Princeton 
Instruments) after 10 sec. exposure time. The sample was exposed with λ = 365 nm light 
from a custom-made UV-photodiode (1.4 mW). 
All molecular weight values (Mn and Mw) were determined by gel permeation 
chromatography (GPC) using PMMA calibration (polymer standards from PL). GPC 
analyses were carried out in tetrahydrofuran (THF) or N,N-dimethylacetamide (DMAc) as 
the eluent. GPC analyses performed with THF as the eluent were carried out using a high 
pressure liquid chromatography pump (PL-LC 1120 HPLC) and both a refractive index 
detector (ERC-7515A) and a UV detector (ERC-7215, λ = 254 nm) at 35°C. The eluting 
solvent was THF with 250 mg/L 2,6-di-tert-butyl-4-methylphenol (Aldrich) and a flow 
rate of 1.0 mL/min. Four columns with MZ-DVB gel were applied: length of each column 
300 mm, diameter 8 mm, diameter of the gel particles 5 μm, nominal pore widths 50, 100, 
1000, 10 000 Å.  
GPC analyses using DMAc as the eluting solvent were carried out using a high-
temperature GPC device at 80°C (Polymer Laboratories PL-GPC210 with a Bischoff 
HPLC contact pump) and a refractive index detector (Polymer Laboratories). The eluting 
solvent was used with 2.44 g/L LiCl and a flow rate of 0.8 mL/min. Four columns with 
MZ-DVB gel were applied: length of each column 300 mm, diameter 8 mm, diameter of 
gel particles 5 μm, nominal pore width 100, 100, 1000, 10 000 Å. For peak 
deconvolution, peak fitting software (hs NTeqGPC V 6.2.12, Hard- und Software mbH, 
Dr. W. Schupp) was used.  
Scanning Force Microscopy (SFM) was performed with a Nanoscope III microscope 
(Digital Instruments, Veeco, Santa Barbara, US). Investigations in the tapping mode were 
carried out with Si-cantilevers (Nanosensors, Neufchatel, Switzerland) resonating at 204-
497 kHz with a spring constant around 10-130 N/m. Images were edited with the 
Nanoscope software v5.12r5 (Digital Instruments, Veeco, Santa Barbara, USA). The 
polymers were deposited on freshly cleaved mica substrates (SPI supplies, USA) from 
dilute toluene solutions (c = ca. 0.001 mg/mL) by spin coating at room temperature. In 
some cases the solution with spiropyran decorated polymers was irradiated 5 minutes 
with UV light (λ = 365 nm) before and during spin coating. Collapse / decollapse of 
polymers were induced with water vapour or water / ethanol (20 / 80 v / v) vapour 
generated through a bubbler with nitrogen flow and dispensed through a syringe needle 
close to the SFM tip (approximately 5 mm distance). 
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2.2.1 ATRP of P(MMA-co-HEMA) (1) 
 
Five dry Schlenk tubes were filled with argon and sealed with rubber septa. Each was 
filled with CuCl (10 mg; 0.10 mmol), 2,2´-bipyridine (39.5 mg; 0.25 mmol) methyl 
methacrylate (2312 mg; 23.1 mmol), 2-hydroxyethyl methacrylate (1288 mg; 9.9 mmol), 
ethylene glycol (1.8 mL) and acetonitrile (0.8 mL). The reaction mixtures were degassed 
by tree freeze-pump-thaw cycles and placed in a thermostated oil bath at 110 °C. After 3 
min, 4-fluorobenzenesulfonyl chloride (20 mg; 0.103 mmol, dissolved in 1.0 mL 
acetonitrile) was injected. At selected time intervals the Schlenk tube was removed and 
cooled with liquid nitrogen to stop the polymerization. The mixture was dissolved in 20 
mL of DCM, washed with 25 mL HClaq (5 %) and the polymer was precipitated into 200 
mL pentane. Yields were determined gravimetrically and molecular weights were 
determined by GPC in THF using PMMA standards. The molar ratio of the repeating 
units (MMA : HEMA) was determined by 1H-NMR analysis (integration of -O-CH3-
group at 3.61 ppm compared to -O-CH2CH2OH-group at 4.12 ppm). Initial feed ratio 
MMA : HEMA was 7 : 3. [M] : [Ini] : [CuCl] : [bpy] was 330 : 1.01 : 1.0 : 2.5. 
 
Table 1: Synthesis of P(MMA-co-HEMA) via ATRP: 
polymer t/ min 
yield 
mg / % 
ratio of 
repeating 
units MMA : 
HEMA (NMR)
ln [M]0/[M] 
Mn 
(THF-GPC) 
Mw/Mn 
(THF-GPC) 
nru 
(THF-GPC) 
1a 3.5 91 / 3 66 : 34 0.030 1770 1.36 16 
1b 15.0 638 / 18 66 : 34 0.198 9870 1.23 90 
1c 22.5 1024 / 28 66 : 34 0.329 13700 1.24 126 
1d 30.0 1328 / 37 66 : 34 0.462 17770 1.25 163 
 
SO2F
OO
Cl
OO
OH
1
1´ 2´
2
3 3´4
4´
5 6 7
1  
1H-NMR of polymer 1d (CDCl3): δ = (i) MMA repeating units: 0.88-1.30 (br, 3H, H-4), 
1.40-2.10 (br, 2H, H-3), 3.61 (s, 3H, H-5), (ii) HEMA repeating units: 0.88-1.30 (br, 3H, 
H-4'), 1.40-2.10 (br, 2H, H-3'), 3.85 (s, 2H, H-7), 4.12 (s, 2H, H-6), 7.26 (br, 2H, H-1, H-
1'), 7.90 (br, 2H, H-2, H-2') ppm. 
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2.2.2 ATRP of P(BA-grad-HEMA-TMS) (2) 52 
 
In a round bottom flask the initiator solution was prepared by addition of anisole (1.8 mL) 
to ethyl 2-bromoisobutyrate (7.34 μL, 0.05 mmol). The solution was bubbled with argon 
for 15 min at 0 °C. In a Schlenk tube, PMDETA (10.46 μL, 0.005 mmol), HEMA-TMS 
(1012 mg, 5 mmol) and BA (3204 mg, 25 mmol) were added. The resulting solution was 
degassed by three freeze-pump-thaw cycles and CuBr (7.0 mg, 0.05 mmol) was added. 
After stirring for 10 min the Schlenk tube was placed in a thermostated oil bath at 85 °C. 
After three min, the initiator solution was transferred into the Schlenk tube, and an initial 
sample was taken for 1H-NMR analysis. Periodically samples were removed to determine 
the molecular weight by GPC and the conversion by 1H-NMR (comparison of -OTMS-
signal at 0.13 ppm as internal standard with both allyl proton of HEMA-TMS at 5.58 ppm 
and allyl proton of BA at 5.80 ppm): 
 
After 9 h the reaction mixture was cooled with liquid nitrogen to stop the polymerization 
and diluted with chloroform (10 mL), exposed to air, and filtered through a basic alumina 
column to remove the copper catalyst. Solvent and monomer were removed in vacuum. 
Monomer conversion was 91 % of BA and 61 % of HEMA-TMS, initial feed ratio BA : 
HEMA-TMS was 5 : 1, [M] : [Ini] : [CuBr] : [PMDETA] was 600 : 1 : 1 : 1. Mn (THF-
GPC) = 79600; Mw/Mn = 1.25. 
 
 
 
 
 
 
O
O
OTMS
1
1´ O
O
A´
A B
5.605.806.006.206.40
  A' 
    1' + B
 
1 
(ppm) 
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Table 2: Synthesis of P(BA-grad-HEMA-TMS) via ATRP: 
polymer t / h 
xp (NMR) 
total /  
% 
xp (NMR) 
HEMA-TMS / 
% 
xp (NMR) 
BA /  
% 
Mn 
(THF-GPC) 
Mw/Mn 
(THF-GPC) 
2a 0.3 5.5 10.8 4.3 7290 1.59 
2b 1.0 12.8 22.7 10.7 17200 1.42 
2c 2.0 23.7 40.9 22.9 29400 1.29 
2d 3.5 37.5 60.5 32.7 45500 1.22 
2e 5.0 50.1 75.7 44.5 58000 1.23 
2f 6.0 55.0 81.5 49.4 65100 1.22 
2g 9.0 65.9 90.9 60.6 79600 1.25 
 
 
Table 3: Synthesis of P(BA-grad-HEMA-TMS) via ATRP: 
polymer t / h 
monomer ratio BA : 
HEMA-TMS (NMR) 
nru 
 (total) 
nru 
(HEMA
-TMS) 
nru (BA) 
total ln 
[M]0/[M] 
HEMA-
TMS ln 
[M]0/[M] 
BA ln 
[M]0/[M]
2a 0.3 80 : 20 32 11 21 0.079 0.114 0.044 
2b 1.0 84 : 16 76 23 53 0.183 0.257 0.113 
2c 2.0 86 : 14 155 41 114 0.842 0.526 0.260 
2d 3.5 89 : 11 224 61 163 0.627 0.929 0.396 
2e 5.0 91 : 9 298 76 222 0.919 1.417 0.589 
2f 6.0 93 : 7 329 82 247 1.063 1.687 0.681 
2g 9.0 95 : 5 394 91 303 1.417 2.397 0.931 
 
OO
Br
OO
O
Si
O
O 1 2 1´
3
4 5
6
7
8 9
10
2  
1H-NMR of polymer 2g (CDCl3): δ = (i) BA repeating units: 0.94 (br, 3H, H-7), 1.38 (br, 
2H, H-6), 1.60 (br, 2H, H-5), 1.88 (br, 2H, H-1), 2.28 (br, 1H, H-2), 4.09 (br, 2H, H-4), 
(ii) HEMA-TMS repeating units: 0.14 (s, 9H, H-10), 0.92-1.18 (br, 3H, H-3), 1.88 (br, 
2H, H-1'), 3.78 (br, 2H, H-9), 4.03 (br, 2H, H-8) ppm. 
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Synthesis of P(BA-grad-HEMA) (3) 
 
In a round bottom flask P(BA-grad-HEMA-TMS) (polymer 2g, 600 mg, ca. 0.76 mmol 
-OTMS) was dissolved in THF (5 mL). After addition of HClaq (0.1 mL, c = 10 mol/L, ca. 
1 mmol) the mixture was stirred at RT for 12 h. The solvent was removed in vacuum and 
the residue was dissolved in acetone and precipitated twice in pentane (–15 °C). The 
deprotected polymer was dried in vacuum at RT. 
OO
Br
OO
OH
O
O 1 2 1´
3
4 5
6
7
8 9
3  
1H-NMR of polymer 3 (CDCl3): δ = (i) BA repeating units: 0.94 (br, 3H, H-7), 1.38 (br, 
2H, H-6), 1.60 (br, 2H, H-5), 1.88 (br, 2H, H-1), 2.28 (br, 1H, H-2), 4.09 (br, 2H, H-4), 
(ii) HEMA repeating units: 0.92-1.18 (br, 3H, H-3), 1.88 (br, 2H, H-1'), 3.82 (br, 2H, 
H-9), 4.15 (br, 2H, H-8) ppm. 
 
 
 
2.2.3 Polymerization of BA with HEA-TMS via RAFT 
 
 
Synthesis of tert-butyl dithiobenzoate (t-BDB) (5) 58 
 
In a round bottom flask S-(thiobenzoyl)thioglycolic acid (5.30 g, 0.025 mol) was 
dissolved in water (200 mL) containing NaOH (2.0 g, 0.05 mol). 2-Methyl-2-propanethiol 
was added dropwise to the solution at RT under stirring. After stirring for 15 h at RT the 
red solution became a dark pink suspension. The product, a dark pink oil, was extracted 
with ether (3 x 200 mL). The organic phases were washed with brine (0.1 N, 2 x 250 mL) 
and water (2 x 250 mL). After drying over MgSO4 the ether was evaporated in vacuum 
and the tert-butyl dithiobenzoate (5) was obtained as dark pink oil after drying in vacuum 
(40 °C, 24 h). Yield: 81 %. 
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S
S
5  
1H-NMR of 5 (acetone-d6): δ = 1.68 (s, 9H, 3 x CH3), 7.38-7.43 (m, 2H, arom. H), 7.53-
7.58 (m, 1H, arom. H), 7.86-7.88 (m, 2H, arom. H) ppm. 13C-NMR (acetone-d6): δ = 29.3 
(C(CH3)3), 53.8 (C(CH3)3), 128.3, 130.0, 133.8, 148.9 (arom. C), 232.4 (-CS2-) ppm. 
 
 
Synthesis of 2-(trimethylsilyloxy)-ethyl acrylate (HEA-TMS) (6) 
 
In a round bottom flask 2-hydroxyethyl acrylate (10.1 g, 87.0 mmol) and 1,1,1,3,3,3-
hexamethyldisilazane (30.89 g, 191.4 mmol) were stirred 1 h at 80 °C (moderate gas 
formation). A catalytic amount of chlorotrimethylsilan was added to the reaction mixture 
(ca. two drops). The suspension was stirred other 3 h at 80 °C and 1 h at RT. Byproducts 
were removed in vacuum and the 2-(trimethylsilyloxy)-ethyl acrylate (6) was distilled 
under reduced pressure to give a clear, colourless liquid (bp: 85 °C/20.0 mbar, yield: 98 
%). 
O
O
O Si
1
2
3
4
5
6
6  
1H-NMR of 6 (CDCl3): δ = 0.14 (s, 9H, H-6), 3.84 (t, 2H, H-5), 4.25 (t, 2H, H-4), 5.85 (d, 
1H, H-1), 6.16 (dd, 1H, H-3), 6.46 (d, 1H, H-2) ppm. 
 
 
RAFT Polymerization of P(BA-co-HEA-TMS) (4) with t-BDB 
 
In a Schlenk flask deoxygenated HEA-TMS (733.9 mg, 3.90 mmol), t-BDB (5) (11.780 
mg, 0.0560 mmol, dissolved in 1.00 mL of freshly prepared stock solution of BA) and 
AIBN (0.920 mg, 0.0056 mmol, dissolved in 4.00 mL of freshly prepared stock solution 
of BA) were degassed by three freeze-pump-thaw cycles (BA amount: 5.00 mL, 4.495 g, 
35.07 mmol). An initial sample was taken for 1H-NMR analysis and the flask was placed 
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in a thermostated oil bath at 75 °C. Periodically samples were removed during the 
polymerization to determine the molecular weight by GPC and the conversion by 1H-
NMR (comparison of -OTMS-signal at 0.13 ppm as internal standard with both allyl 
proton of HEA-TMS at 6.46 ppm and allyl proton of BA at 6.43 ppm): 
 
After 26.5 h the reaction mixture was cooled with liquid nitrogen to stop the 
polymerization, diluted with chloroform (5 mL) and exposed to air. Solvent and monomer 
were removed under vacuum. Monomer conversion was 74 % of BA and 74 % of HEA-
TMS, initial feed ratio BA : HEA-TMS was 9 : 1, [M] : [t-BDB] : [AIBN] was 700 : 1 : 
0.1. Mn (THF-GPC) = 91300; Mw/Mn = 1.28. 
S
O O O O
O
S
1
2
1´
2´
3 4
5
6
7 8
Si 9
4  
1H-NMR of polymer 4g (CDCl3): δ = (i) BA repeating units: 0.94 (br, 3H, H-6), 1.37 (br, 
2H, H-5), 1.60 (br, 2H, H-4), 1.92 (br, 2H, H-1), 2.28 (br, 1H, H-2), 4.04 (br, 2H, H-3), 
(ii) HEA-TMS repeating units: 0.13 (s, 9H, H-9), 1.92 (br, 2H, H-1'), 2.28 (br, 1H, H-2'), 
3.74 (br, 2H, H-8), 4.04 (br, 2H, H-7) ppm. 
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O
O
OTMS
1
1´
2
O
O
A´
A B0.5 A'
  0.5 1' 
0.5 A' 
    0.5 1' 
2 + B  1 + A
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Table 4: Synthesis of P(BA-co-HEA-TMS) via RAFT: 
polymer t / h 
xp (NMR) 
total /  
% 
monomer 
ratio 
BA : HEA-
TMS (NMR)  
Mn 
(THF-GPC)
Mw/Mn 
(THF-GPC) 
nru 
(total, 
THF-
GPC) 
total ln 
[M]0/[M]
4a 1 3.2 90 : 10 3200 1.27 24 0.030 
4b 2 17.9 90 : 10 22100 1.08 165 0.198 
4c 4 34.2 90 : 10 43600 1.13 325 0.416 
4d 8 52.1 90 : 10 69400 1.13 517 0.734 
4e 13.5 61.6 90 : 10 81900 1.21 610 0.968 
4f 22.2 72.0 90 : 10 89500 1.28 667 1.273 
4g 26.5 74.3 90 : 10 91300 1.28 680 1.347 
 
 
 
Synthesis of P(BA-co-HEA) (7) 
 
In a round bottom flask P(BA-co-HEA-TMS) (polymer 4g, 4.18 g, ca. 3.1 mmol -OTMS) 
was dissolved in THF (10 mL). After addition of HClaq (0.4 mL, c = 10 mol/L, ca. 4 
mmol) the mixture was stirred at RT for 12 h. The solvent was removed in vacuum and 
the residue was precipitated from acetone solution twice in pentane (–50 °C). The 
deprotected polymer 7 was dried in vacuum at RT. 
S
O O O O
OH
S
1
2
1´
2´
3 4
5
6
7 8
7  
Mn (THF-GPC) = 92400; Mw/Mn = 1.34. 1H-NMR (CDCl3) δ = (i) BA repeating units: 
0.94 (br, 3H, H-6), 1.37 (br, 2H, H-5), 1.60 (br, 2H, H-4), 1.92 (br, 2H, H-1), 2.29 (br, 
1H, H-2), 4.04 (br, 2H, H-3), (ii) HEA repeating units: 1.92 (br, 2H, H-1'), 2.29 (br, 1H, 
H-2'), 3.75 (br, 2H, H-8), 4.04 (br, 2H, H-7) ppm. 
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2.2.4 RAFT Polymerization of P(BMA-co-HEMA-TMS) (8) with CDB (9) 
 
2-Phenylpropan-2-yl dithiobenzoate (CDB, cumyl dithiobenzoate) was synthesized from 
dithiobenzoic acid and α-methylstyrene.59,60 
 
 
Synthesis of 2-phenylpropan-2-yl dithiobenzoate (CDB) (9) 
 
Dithiobenzoic acid: To a stirred suspension of elemental sulphur (12.82 g, 0.4 mol) and 
sodium methylate (21.61 g, 0.4 mol) in dry methanol (40 mL) in a round bottom flask 
benzyl chloride (25.32 g, 0.2 mol) was added dropwise at 70 °C. The resulting dark 
brown mixture was refluxed 12 h, cooled to RT and filtered over a Büchner funnel to 
remove NaCl. The methanol was largely removed under reduced pressure and the residue 
was dissolved in water (50 mL). Concentrated hydrochloric acid (ca. 10 mL) was added 
till the dark brown colour disappeared and a purple oil appeared as a second layer below 
the water phase. This organic phase was isolated and the water phase was extracted with 
DCM (50 mL). The combined organic phases were washed with water (20 mL). After 
evaporation of the solvent (T < 35 °C) the dithiobenzoic acid was obtained as purple oil. 
Yield: 88 %. The product was used for the next step without further purification and 
analyses. 
 
Cumyl dithiobenzoate (CDB): Dithiobenzoic acid (10.00 g, 0.065 mol) and 
α-methylstyrene (9.22 g, 0.078 mol) were dissolved in 1,2-dichloroethane (7 mL) in a 
round bottom flask. The reaction mixture was refluxed at 80 °C for 4 h. Solvent and 
reactants were removed in vacuum. The crude oil was purified by means of column 
chromatography on alumina with hexane as eluent. Yield: 57 %. 
TLC (Al2O3, Polygram N/UV254, Macherey-Nagel): RF = 0.48 (pentane)). 
S
S
9  
1H-NMR of 9 (CDCl3): δ = 1.99 (s, 6H, 2 x CH3), 7.19-7.56 (m, 8H, arom. H), 7.84 (m, 
2H, arom. H) ppm. 13C-NMR (CDCl3): δ = 28.3 (C(CH3)2), 56.5 (C(CH3)2), 126.7, 127.4, 
128.1, 128.5, 129.4, 131.8, 144.2, 146.3 (arom. C), 227.1 (-CS2-) ppm. 
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RAFT Polymerization of P(BMA-co-HEMA-TMS) (8) with CDB (9) 
 
In a Schlenk flask deoxygenated HEMA-TMS (0.6070 g, 3.0 mmol), BMA (3.8390 g, 
27.0 mmol), CDB (1.226 mg, 0.0045 mmol, dissolved in 0.41 mL of freshly prepared 
stock solution in anisole) and AIBN (0.148 mg, 0.0009 mmol, dissolved in 0.36 mL of 
freshly prepared stock solution in anisole) were degassed by three freeze-pump-thaw 
cycles. An initial sample was taken for 1H-NMR analysis and the flask was placed in a 
thermostated oil bath at 60 °C. Periodically samples were removed to determine the 
molecular weight by GPC and the conversion by 1H-NMR (comparison of -OTMS-signal 
at 0.13 ppm as internal standard with both allyl proton of HEMA-TMS at 6.15 ppm and 
allyl proton of BMA at 6.10 ppm): 
 
After 20 h the reaction mixture was cooled with liquid nitrogen to stop the polymerization 
and diluted with chloroform (5 mL) and exposed to air. Solvent and monomer were 
removed under vacuum. Monomer conversion was 28 % of BMA and 28 % of HEMA-
TMS, initial feed ratio BMA : HEMA-TMS was 9 : 1, [M] : [CDB] : [AIBN] was 2000 : 
1 : 0.2. Mn (THF-GPC) = 402800; Mw/Mn = 1.23. 
S
O O O O
O
S
1 2 1´ 2´
3 4
5
6
7 8
Si 9
8  
1H-NMR of polymer 8e (CDCl3): δ = (i) BMA repeating units: 0.87-1.03 (br, 5H, H-6 + 
H-2), 1.41 (br, 2H, H-5), 1.61 (br, 2H, H-4), 1.90-2.00 (br, 2H, H-1), 3.94 (br, 2H, H-3), 
(ii) HEMA-TMS repeating units: 0.13 (s, 9H, H-9), 0.87-1.03 (br, 3H, H-2'), 1.90-2.00 
(br, 2H, H-1'), 3.77 (br, 2H, H-8), 3.99 (br, 2H, H-7) ppm. 
5.405.505.605.705.805.906.006.106.20
(ppm)
1' 
 A' 
O
O
OTMS
1
1´ O
O
A´
A
1
B
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Table 5: Synthesis of P(BMA-co-HEMA-TMS) via RAFT: 
polymer t / h 
xp (NMR) 
total /  
% 
monomer 
ratio 
BMA : 
HEMA-TMS 
(NMR) 
Mn 
(THF-GPC) 
Mw/Mn 
(THF-GPC) 
nru 
(total, 
THF-
GPC) 
total ln 
[M]0/[M]
8a 3 1.3 90 : 10 nd nd nd 0.013 
8b 6.2 5.0 90 : 10 99100 1.49 668 0.051 
8c 11 13.6 90 : 10 220800 1.27 1489 0.146 
8d 18.5 26.7 90 : 10 389100 1.23 2624 0.311 
8e 20 27.7 90 : 10 402800 1.23 2716 0.324 
 
 
Synthesis of P(BMA-co-HEMA-TMS) (10) 
 
In a round bottom flask P(BMA-co-HEMA-TMS) (polymer 8e, 2.96 g, ca. 2 mmol 
-OTMS) was dissolved in THF (10 mL). After addition of HClaq (0.3 mL, c = 10 mol/L, 
ca. 3 mmol) the mixture was stirred at RT for 12 h. The solvent was removed in vacuum 
and the residue was precipitated from acetone solution twice in pentane (–50 °C). The 
deprotected polymer 10 was dried in vacuum at RT. Mn (THF-GPC) = 394400; Mw/Mn = 
1.42. 
S
O O O O
OH
S
1 2 1´ 2´
3 4
5
6
7 8
10  
1H-NMR of polymer 10 (CDCl3): δ = (i) BMA repeating units: 0.87-1.00 (br, 5H, H-6 + 
H-2), 1.40 (br, 2H, H-5), 1.61 (br, 2H, H-4), 1.80-2.00 (br, 2H, H-1), 3.94 (br, 2H, H-3), 
(ii) HEMA repeating units: 0.87-1.00 (br, 3H, H-2'), 1.80-2.00 (br, 2H, H-1'), 3.82 (br, 
2H, H-8), 4.10 (br, 2H, H-7) ppm. 
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2.2.5 Spirobenzopyran Synthesis 61 
 
 
Synthesis of 1-Carboxyethyl-2,3,3-trimethyl-indolenine iodide (11) 
 
A mixture of 2,3,3-trimethylindolenine (3.98 g, 25 mmol) and β-iodopropionic acid (5.00 
g, 25 mmol) was heated at 80 °C 12 h to obtain 1-carboxyethyl-2,3,3-trimethylindolenine 
iodide. The resulting quaternary ammonium salt was dissolved in water (20 mL) and 
washed with chloroform (20 mL) two times. The water was removed under vacuum and 
the residue was recrystallized from acetone-diethyl ether to afford the product 11 as pale 
yellow micro crystals. Yield: 84 %; mp 190 °C (lit61 189-190 °C). 
N
O
HO
I
1
2
3
4
5
6
7
8
9
10
11
12
13
14
11  
1H-NMR (DMSO-d6): δ = 1.54 (s, 6H, H-13, H-14), 2.88 (s, 3H, H-12), 2.99 (t, 2H, H-
10), 4.66 (t, 2H, H-9), 7.63 (m, 2H, H-2, H-3), 7.85 (m, 1H, H-1), 8.00 (m, 1H, H-4) ppm; 
13C-NMR (DMSO-d6): δ = 14.5 (C-12), 21.87 (C-13, C-14), 31.0 (C-10), 54.2 (C-6), 
115.5 (C-1), 123.4 (C-4), 128.8 (C-3), 129.2 (C-2), 171.4 (C-11) ppm. 
 
 
Synthesis of 1-(β-carboxyethyl)-3,3-dimethyl -6'-nitrospiro[indoline-2,2'-2H- 
benzopyran] (12) 
 
A mixture of 1-carboxyethyl-2,3,3-trimethylindolenine iodide (11) (1.01 g, 2.8 mmol), 
N-methyl morpholine (289 mg, 2.86 mmol) and dry ethanol (20 mL) was refluxed in a 
three-necked round bottom flask, equipped with a reflux condenser. After addition of 
2-hydroxy-5-nitrobenzaldehyde (0.48 g, 2.86 mmol) the mixture was kept at 80 °C for 30 
min and allowed to cool overnight. The resulting citreous crystals 12 were filtered, 
washed with ethanol and dried under vacuum. Yield: 87 %. 
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N
O
HO
1
2
3
4 20
17
21
5
6
7
18 19
O NO2
16
8 9
10
1314
12
11
15
12  
1H-NMR (THF-d8): δ = 1.14 (s, 3H, H-19), 1.26 (s, 3H, H-18), 2.45-2.70 (m, 2H, H-6), 
3.40-3.68 (m, 2H, H-5), 6.00 (d, 1H, H-8), 6.65 (d, 1H, H-4), 6.75-6.83 (m, 2H, H-1, 
H-2), 7.02-7.15 (m, 3H, H-3, H-9, H-14), 7.98-8.04 (m, 1H, H-11), 8.06-8.10 (m, 1H, 
H-13) ppm; 13C-NMR (THF-d8): δ = 20.3 (C-19), 25.6 (C-18), 33.9 (C-6), 40.4 (C-17), 
53.9 (C-5), 107.8 (C-16), 108.2 (C-8), 116.6 (C-4), 120.3 (C-10), 120.5 (C-2), 122.6 
(C-1), 123.2 (C-11), 123.7 (C-20), 126.6 (C-3), 128.7 (C-14), 129.5 (C-13), 137.19 (C-9), 
143.1 (C-12), 148.1 (C-21), 161.1 (C-15), 173.3 (C-7) ppm. 
 
 
2.2.6 Polymer analogous esterification of 1-(β-carboxyethyl)-3,3-dimethyl -
6'-nitrospiro[indoline-2,2'-2H-benzopyran] (12) with hydroxyethyl functional 
linear polymers 
 
The polymer with hydroxyethyl functional groups and 4-pyrrolidino pyridine as catalyst 
were dissolved in dry dichloromethane. N,N´-Dicyclohexylcarbodiimide (DCC) was 
added to the solution. The spiropyran acid was dissolved in dry THF and dropped to the 
clear polymer solution and heated to 45 °C for 20 h. The cloudy solution was filtered, 
reduced to 1-2 mL and the product was precipitated twice in cold methanol and twice in 
cold pentane (–15 °C). The spiropyran polymer was vacuum dried at RT. 
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Table 6: Overview of the reaction conditions of polymer analogous esterification of the spiropyran 
with hydroxyethyl functional linear polymers: 
polymer 
polymer 
mg /  
mmol OH 
spiropyran 
mg / 
 mmol 
DCC 
mg / 
mmol 
catalyst 
mg / 
mmol 
CH2Cl2 
mL 
THF 
mL 
1d 
P(MMA-co-
HEMA) 
250 
0.778 
325 
0.854 
240 
1.165 
1.2 
0.008 
2.5 2.0 
7 
P(BA-co-
HEA) 
400 
0.315 
180 
0.473 
130 
0.630 
1.0 
0.006 
3.0 1.0 
10 
P(BMA-co-
HEMA) 
300 
0.219 
123 
0.323 
90 
0.438 
0.6 
0.004 
3.0 1.0 
3 
P(BA-grad-
HEMA) 
250 
0.447 
255 
0.671 
185 
0.894 
1.3 
0.009 
4.0 2.0 
 
 
Table 7: Analytical data of spiropyrangroups containing linear copolymers: 
polymer 
yield after 
precipi-
tation 
conver-
sion 
(NMR)* 
nru 
(total) 
nru 
 (HEA-X / 
HEMA-X) 
Mn 
(THF-
GPC) 
Mw/Mn 
(THF-
GPC) 
13 
P(MMA-co-
HEMA-
spiropyran) 
77 % 95 % 163 48 27500 1.24 
14 
P(BA-co-
HEA-
spiropyran) 
80 % 100 % 681 68 89700 1.33 
15 
P(BMA-co-
HEMA-
spiropyran) 
46 % 93 % 2716 272 394100 1.38 
16 
P(BA-grad-
HEMA-
spiropyran) 
77 % 78 % 394 91 110000 1.47 
*conversion of hydroxyethyl groups determined via NMR 
nru = number of repeating units 
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j k
l m
13
 
For the determination of the substitution by spiropyran the integrals of the polymer 
signals (H-6 + H-7) were compared with the integrals of the polymer bound spiropyran 
signals (H-i + H-j); nru (total) . 0.3 = nru (HEMA-X).  
1H-NMR of polymer 13 (CDCl3): δ = (i) MMA repeating units: 0.88-1.30 (br, 3H, H-4), 
1.40-2.10 (br, 2H, H-3), 3.59 (s, 3H, H-5), (ii) HEMA-spiropyran repeating units: 0.88-
1.30 (br m, 9H, H-4' + H-l + H-m), 1.40-2.10 (br, 2H, H-3'), 2.68 (br, 2H, H-f), 3.56 (br, 
2H, H-e), 4.10 (br, 4H, H-6, H-7), 5.89 (br, 1H, H-g), 6.67 (br, 1H, H-a), 6.93 (br, 2H, 
H-c + H-d), 7.13 (br, 3H, H-b + H-h + H-k), 8.01 (br, 2H, H-i + H-j) ppm. 
 
S
O O O O
S
1
2 1´2´
3 4
5
6
7 8
-stat-
O
N
O
OO2N
a
b
c
de
f
gh
i
j k
l m14
 
Because of missing peak at 3.75 ppm (2H, H-8 with OH-group) quantitative conversion 
with spiropyran is assumed. 
1H-NMR of polymer 14 (CDCl3): δ = (i) BA repeating units: 0.94 (br, 3H, H-6), 1.36 (br, 
2H, H-5), 1.59 (br, 2H, H-4), 1.90 (br, 2H, H-1), 2.28 (br, 1H, H-2), 4.03 (br, 2H, H-3), 
(ii) HEA-spiropyran repeating units: 1.13 (s, 3H, H-l), 1.26 (s, 3H, H-m), 1.94 (br, 2H, 
H-1'), 2.28 (br, 1H, H-2'), 2.69 (br, 2H, H-f), 3.57 (br, 2H, H-e), 4.18 (br, 4H, H-7 + H-8), 
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5.88 (br, 1H, H-g), 6.66 (br, 1H, H-a), 6.92 (br, 2H, H-c + H-d), 7.12 (br, 3H, H-b + H-h 
+ H-k), 8.00 (br, 2H, H-i + H-j) ppm. 
 
S
O O O O
S
1 2 1´ 2´
3 4
5
6
7 8
-stat-
O
N
O
OO2N
a
b
c
de
f
gh
i
j k
l m15  
For the determination of conversion with spiropyran the integrals of the polymer (H-3 + 
H-7 + H-8) were compared with the integrals of the polymer bound spiropyran (H-i + 
H-j); nru (total) . 0.1 = nru (HEMA-X).  
1H-NMR of polymer 15 (CDCl3): δ = (i) BMA repeating units: 0.65-1.03 (br, 5H, H-6 + 
H-2), 1.39 (br, 2H, H-5), 1.61 (br, 2H, H-4), 1.83-2.00 (br, 2H, H-1), 3.94 (br, 2H, H-3), 
(ii) HEMA-spiropyran repeating units: 0.65-1.03 (br, 3H, H-2'), 1.15 (s, 3H, H-l), 1.26 (s, 
3H, H-m), 1.83-2.00 (br, 2H, H-1'), 3.82 (br, 2H, H-8), 2.68 (br, 2H, H-f), 3.59 (br, 2H, 
H-e), 4.13 (br, 4H, H-7 + H-8), 5.90 (br, 1H, H-g), 6.64 (br, 1H, H-a), 6.91 (br, 2H, H-c + 
H-d), 7.13 (br, 3H, H-b + H-h + H-k), 8.01 (br, 2H, H-i + H-j) ppm. 
 
OO
Br
OO
O
O 1 2 1´
3
4 5
6
7
8 9
-grad-
O
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O
OO2N
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de
f
gh
i
j k
l m
16
 
For the determination of conversion with spiropyran the integrals of the polymer (H-4 + 
H-8 + H-9) were compared with the integrals of the polymer bound spiropyran (H-i + 
H-j); nru (total) . 0.23 = nru (HEMA-X).  
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1H-NMR of polymer 16 (CDCl3): δ = (i) BA repeating units: 0.93 (br, 3H, H-7), 1.35 (br, 
2H, H-6), 1.57 (br, 2H, H-5), 1.86 (br, 2H, H-1), 2.27 (br, 1H, H-2), 4.03 (br, 2H, H-4), 
(ii) HEMA-spiropyran repeating units: 0.92-1.18 (br, 3H, H-3), 1.14 (s, 3H, H-l), 1.25 (s, 
3H, H-m), 1.86 (br, 2H, H-1'), 2.68 (br, 2H, H-f), 3.57 (br, 2H, H-e), 4.17 (br, 4H, H-8 + 
H-9), 5.90 (br, 1H, H-g), 6.65 (br, 1H, H-a), 6.91 (br, 2H, H-c + H-d), 7.12 (br, 3H, H-b + 
H-h + H-k), 8.00 (br, 2H, H-i + H-j) ppm. 
 
 
2.3 Results and discussion 
 
As depicted in Scheme 2 polymerizations were attempted either by ATRP or by RAFT. In 
case of ATRP copolymerisation MMA and HEMA was used to obtain directly a hydroxy-
functionalized macromolecule that could be substituted by spiropyran groups. ATRP and 
RAFT polymerization were employed to copolymerize the trimethylsilyl-protected 
HEMA with n-butylacrylate. Two different transfer reagents have been used for RAFT 
polymerization. In case of the protected hydroxy groups the macromolecules could be 
substituted by spiropyran groups after deprotection via a polymer analogous esterification 
reaction.      
 
 
2.3.1 Synthesis of different linear hydroxyfunctional polymers 
 
Synthesis of P(MMA-co-HEMA) (1) via ATRP 
 
ATRP of HEMA is very fast and difficult to control. Preliminary experiments in which 
HEMA was subjected to ATRP revealed, that even after short reaction times an insoluble, 
crosslinked polymer was obtained. The crosslinking occurs due to transesterification 
reactions promoted by the ATRP catalyst (CuCl / bpy). It was reported, however, that 
with ethylene glycol as solvent or cosolvent transesterification reactions could be 
avoided.62 Still mixed solvents such as methyl ethyl ketone and 1-propanol (70 / 30 v / v) 
have to be used to keep monomers or polymers dissolved. An alternative route to 
synthesize copolymers of MMA and HEMA (or HEA) employs the protected monomer 
HEMA-TMS48,50 (or HEA-TMS47) which have a similar polarity and solubility as 
MMA.48 
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O
O
O
O
OH
MMA =HEMA =
copolymerization
P(MMA-stat-HEMA)
 
A statistical copolymer with HEMA and MMA has been prepared in a mixture of 
ethylene glycol and acetonitrile (70 / 30 v / v) by ATRP at 110 °C using 
4-fluorobenzenesulfonyl chloride as initiator and CuCl / 2,2´-bipyridine as catalyst (initial 
feed ratio MMA : HEMA was 7 : 3. [M] : [Ini] : [CuCl] : [bpy] was 330 : 1.01 : 1.0 : 2.5).  
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Figure 1: First-order kinetic plot for the ATRP of MMA and HEMA (7 : 3) in ethylene 
glycol/acetonitrile (7 : 3 v / v) at 110 °C using CuCl/bipy, initiated by 4-fluorbenzenesulfonyl 
chloride (kapp = 2.468 x 10-4 sec-1). 
 
The plot of ln [M]0/[M] vs. time (Figure 1) is linear, indicating a constant number of 
propagating species throughout the reaction. The value of the apparent rate constant (kapp 
= 2.468 x 10-4 sec-1) reveals the rather fast polymerization of the used system. The 
molecular weights increase linearly, and the molecular weight distributions decrease with 
conversion (Figure 2). Throughout the entire reaction the monomer ratio was constant 
(MMA : HEMA = 66 : 34) indicating the formation of statistical copolymers. The 
polymerization was stopped after 30 min yielding narrow distributed P(MMA-co-HEMA) 
(1) (Mw/Mn = 1.25, Mn (GPC) = 17770, number of repeating units nru = 163). 
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Figure 2: Mn and Mw/Mn vs. conversion for the ATRP of MMA and HEMA (7 : 3) in ethylene 
glycol/acetonitrile (7 : 3 v / v) at 110 °C using CuCl/bpy, initiated by 4-fluorbenzenesulfonyl 
chloride. 
 
 
Synthesis of P(BA-grad-HEMA-TMS) (2) via ATRP 
 
Gradient copolymers can be synthesized either by the spontaneous gradient formation 
method or by the forced gradient method by feeding one monomer into the reaction 
mixture.51,63 In the second case comonomers with different reactivities such as acrylates 
and methacrylates can be used. In the last case the change of composition is induced via 
continuous addition of one monomer. Here the spontaneous synthesis of P(BA-grad-
HEMA-TMS) (2) via ATRP was carried out according to Ref.52  
O
O
O
O
OTMS
BA =HEMA-TMS =
spontaneous gradient
formation
P(BA-grad-HEMA-TMS)
 
In comparison to the forced gradient technique which requires online monitoring of the 
copolymer composition by 1H-NMR the advantage of the spontaneous gradient method is 
its practicability of the method, where different reactivity ratios of two simultaneously 
copolymerized monomers lead to formation of gradient structure. Sufficiently large 
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differences in reactivity are given for pairs of acrylate/methacrylate,45 here BA/HEMA-
TMS. The copolymerization of BA and HEMA-TMS was carried out with an initial molar 
feed ratio of 5 : 1 in 30 % anisole and using N,N,N',N'',N''-pentamethyldiethylene 
tetraamine (PMDETA) as ligand. As shown in Figure 3, the first-order kinetic plot shows 
that HEMA-TMS was polymerized much faster than BA, as expected. It also shows that 
the number of the active species is constant throughout the polymerization and that the 
reaction is first order up to the conversion studied. The instantaneous composition of the 
polymer (Figure 4) reveals the formation of gradient structure. The molecular weights 
increase linearly, and the molecular weight distributions decrease with conversion (Figure 
5). The polymerization was stopped after 9 h, at which point conversion of HEMA-TMS 
and BA reached 61 % and 91 %. The resulting gradient polymer was narrow distributed 
and had a total number of repeating units of nru = 394 with 91 -OTMS-groups (Mw/Mn = 
1.25, Mn (GPC) = 79600). The P(BA-grad-HEMA-TMS)a was deprotected to P(BA-
grad-HEMA) (3) by addition of HCl to the dissolved polymer. The absence of the 
OTMS-peak in the 1H-NMR spectrum of the polymer indicates quantitative conversion to 
the hydroxyfunctional polymer. 
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Figure 3: First-order kinetic plot for the ATRP of BA and HEMA-TMS (5 : 1) in anisole at 85 °C 
using CuBr/PMDETA, initiated by ethyl 2-bromoisobutyrate (kapp (total) = 0.047 x 10-4 sec-1, kapp 
(HEMA-TMS) = 0.045 x 10-4 sec-1, kapp (BA) = 0.075 x 10-4 sec-1). 
 
                                                 
a This protected gradient copolymer was also used for the synthesis of gradient type polymer brushes, see 
chapter 3. 
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Figure 4: Instantaneous composition of P(BA-grad-HEMA-TMS). 
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Figure 5: Mn and Mw/Mn vs. conversion for the ATRP of BA and HEMA-TMS (5 : 1) in anisole at 
85 °C using CuBr/PMDETA, initiated by ethyl 2-bromoisobutyrate.  
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Synthesis of P(BA-co-HEA-TMS) (4) and P(BMA-co-HEMA-TMS) (8) via 
RAFT 
 
High molecular weight poly(acrylate)s and poly(methacrylate)s, which are generally 
difficult to access with narrow molecular weight distributions using free radical 
polymerization, are obtained best via radical addition-fragmentation chain transfer 
(RAFT) polymerization.59 Within the scope of RAFT it is important to choose a RAFT 
agent that is compatible with the monomers used in the feed.57 Hence, cumyl 
dithiobenzoat (CDB), used for the synthesis of P(HEMA-TMS)64 and P(MMA-HEMA)65 
were chosen also for the copolymerization of BMA and HEMA-TMS and tert-butyl 
dithiobenzoate (t-BDB), used for the synthesis of P(BA),66 was also chosen for the 
copolymerization of BA and HEA-TMS. Both RAFT agents, CDB and t-BDB, have been 
synthesized according to published protocols. 58-60 In the former case the RAFT agent was 
synthesized from dithiobenzoic acid and α-methylstyrene, in the latter case it was 
synthesized from S-(thiobenzoyl)thioglycolic acid and 2-methyl-2-propanethiol. 
O
O
O
O
OTMS
B(M)A =HE(M)A-TMS =
copolymerization
P(B(M)A-stat-HE(M)A-TMS)
 
P(BA-co-HEA-TMS) (4) was synthesized at 75 °C. The initial feed ratio BA : HEA-TMS 
was 9 : 1 and kept constant throughout the reaction indicating the formation of statistical 
copolymer, [M] : [t-BDB] : [AIBN] was 700 : 1 : 0.1. The polymerization was stopped 
after 26.5 h at 74 % conversion of both HEA-TMS and BA to obtain high molecular 
weight P(BA-co-HEA-TMS) with Mn (THF-GPC) = 91300 and Mw/Mn = 1.28. This 
corresponds to 680 repeating units (nru (theory) = 518 with respect to [t-BDB]b). P(BMA-
co-HEMA-TMS) (8) was synthesized at 60 °C, initial feed ratio BMA : HEMA-TMS was 
9 : 1 and constant throughout the reaction indicating also the formation of a statistical 
copolymer, the initial feed ratio [M] : [CDB] : [AIBN] was 2000 : 1 : 0.2. The 
polymerization was stopped after 20 h at 28 % conversion of both HEMA-TMS and 
BMA to obtain high molecular weight P(BMA-co-HEMA-TMS) with Mn (THF-GPC) = 
402800 and Mw/Mn = 1.23. This corresponds to 2716 repeating units (nru (theory) = 560 
                                                 
b used equation: nru (theory) = {([Mo] / [RAFT agent]0 . conversion} + MRAFT agent  
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with respect to [CDB]b). This discrepancy may be explained with poor initiator 
efficiency. In RAFT polymerization, the deactivation-activation equilibria are chain 
transfer reactions and radicals are neither destroyed nor formed in these steps. The 
internal source of free radicals from AIBN is required to initiate and maintain the 
polymerization and is chosen smaller with respect to the RAFT agent concentration to 
allow good control of the polymerization and to provide an acceptable balance to the rate 
of polymerization. 
In both cases the results confirm the controlled course of the polymerization: Mn increases 
linearly with monomer conversion. Further more the polymers show a low value for the 
polydispersity index; with increasing molecular weight, Mw/Mn decreases to a final value 
of 1.3 (Figures 6 and 7). 
Figure 8 displays a typical kinetic plot for the polymerization. The ln [M0]/[M] vs. time 
dependencies exhibit a sigmoidal shape because of relatively long induction periods, 
especially using CDB as RAFT agent for the methacrylate copolymer. This behaviour is 
not explained here in detail since the mechanism of RAFT polymerization is still 
discussed contradictory in literature; but it differs totally from ATRP (i.e. dormant species 
is also the source of radicals and side reactions occur leading to by-products, retardation, 
anomalies in the molecular weight distributions and so forth).67 Partly, this behaviour can 
be explained by slow fragmentation, retardation and impurities in the RAFT agent or 
reaction with oxygen. Clearly the kinetics of the polymerization definitively depends on 
the used RAFT agent and monomers.68 
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Figure 6: Mn and Mw/Mn vs. conversion for the RAFT copolymerization of BMA / HEMA-TMS 
(9 : 1) in bulk at 60 °C using CDB, initiated by AIBN. 
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Figure 7: Mn and Mw/Mn vs. conversion for the RAFT copolymerization of BA / HEA-TMS (9 : 1) in 
bulk at 75 °C using t-BDB, initiated by AIBN. 
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Figure 8: Kinetic plot for the RAFT copolymerization of BMA / HEMA-TMS (9 : 1) in bulk at 60 °C 
using CDB and BA / HEA-TMS (9 : 1) at 75 °C using t-BDB, both initiated by AIBN. 
 
 
Both polymers, P(BMA-co-HEMA-TMS) (8) and P(BA-co-HEA-TMS) (4), were 
deprotected to P(BMA-co-HEMA) (10) and P(BA-co-HEA) (7) by acid catalyzed 
hydrolysis. The absence of the OTMS-peak in the 1H-NMR spectrum of the product 
indicates quantitative formation of the hydroxyfunctional polymers. GPC analysis showed 
nearly the same molecular weights with a slightly higher molecular weight distribution 
(acrylate polymer: Mn (THF-GPC) = 92400; Mw/Mn = 1.34, methacrylate polymer: 
Mn (THF-GPC) = 394400; Mw/Mn = 1.42) eventually due to association via hydrogen 
bonds in THF solution. This broadening of the molecular weight distributions is also 
described in literature and was observed for instance with P(BA-block-HEA) and 
P(HEA).69 Here Mw/Mn was narrow calculated by MADLI-TOF-MS but broad calculated 
by GPC analysis. 
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2.3.2 Synthesis of spirobenzopyran and polymer analogous esterification of 
linear hydroxyfunctional polymers using the carbodiimide method  
 
The starting hydroxyl-functional polymers were reacted with the functional spiropyran 
using the carbodiimide method. N,N´-Dicyclohexylcarbodiimide (DCC) is an efficient in-
situ activation agent for carboxyl groups. It forms an O-acylisourea intermediate. This 
very active species reacts with amino groups to give the corresponding amide or hydroxyl 
groups to give the corresponding ester. In organic solvents the dicyclohexylurea by-
product is insoluble, leading to high conversions even at mild reaction conditions. In 
addition this by-product is easily removed from the reaction by filtration.70 This agent 
was successfully used for the polymer analogous esterification of the spiropyran acid with 
the hydroxyfunctional copolymers.71 The spiropyran acid was synthesized according to a 
published protocol61 reacting 2,3,3-trimethylindolenine with β-iodopropionic acid to 
1-carboxyethyl-2,3,3-trimethyl-indolenine iodide (11) followed by the conversion with 
2-hydroxy-5-nitrobenzaldehyde to the spiropyran acid 12 (Scheme 3). The analysis of the 
spiropyran acid (Figure 9: 1H-NMR spectrum) reveals the high purity of the synthesized 
compound. 
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Scheme 3: Synthetic route to spiropyran acid 12. 
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Figure 9: 1H-NMR spectrum of spiropyran acid in THF-d8. 
 
Since spiropyran compounds are sensitive to harsh conditions like extreme pH values or 
thermal stress, the esterification with DCC provides ideal mild reaction conditions. For 
the polymer analogous reaction (Scheme 4) the hydroxyl-functional polymer (R-OH) was 
treated with DCC and 4-pyrrolidino pyridine as catalyst in chloroform with the spiropyran 
acid in THF solution at 45 °C. 
N O NO2
COOH
4-pyrrolidino pyridine
THF, CH2Cl2, 45 °C
NCN
H
N
C
O
H
N
N O NO2
R-OH
O O
R
12
 
 
Scheme 4: Synthetic route to spiropyran decorated polymers. 
 
The starting hydroxyl-functional polymers were reacted with the functional spiropyran 
using the carbodiimide method. GPC analysis of the purified spiropyran polymers 
confirmed that no free spiropyran is left which would cause a strong UV-peak (here: 37.3 
mL elution volume) in the region of low molecular weight compounds. The molecular 
weights and the molecular weight distributions of the resulting polymers were determined 
via GPC in THF. The conversion of the hydroxyl groups was determined via 1H-NMR 
spectroscopy on isolated polymers. Figure 10 compares the 1H-NMR spectra of the 
polymer alcohol P(MMA-co-HEMA) with the spiropyran decorated polymer. Due to a 
very similar environment of the protons 6 and 7 (-COO-CH2CH2-COO-) of the 
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spiropyran decorated product these protons show a similar shift compared to the protons 
(-COO-CH2CH2-OH) of the reactant confirming the polymer analogous esterification. 
 
 
Figure 10: 1H-NMR spectrum of P(MMA-co-HEMA) and P(MMA-co-HEMA-spiropyran) in CDCl3 
(polymer 1d + 13) (A = acetone).  
 
Several polymer alcohols, i.e. low molecular weight P(MMA-co-HEMA) (1) with a high 
hydroxyl group concentration (31 % HEMA repeating units with respect to the total 
number of repeating units), P(BA-grad-HEMA) (3) with 23 mol % hydroxyl groups, 
P(BA-co-HEA) (7) with 10 % HEA repeating units and high molecular weight P(BMA-
co-HEMA) (10) with 10 % HEMA repeating units, have been reacted with the functional 
spiropyrans. The analysis is described in the experimental part, results are summarized in 
Table 8. 
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Table 8: Analytical data of linear spiropyran copolymers: 
polymer 
conver-
sion 
(NMR) 
nru (total) 
nru  
(HEA-X / 
HEMA-X) 
Mn 
(THF-
GPC) * 
Mw/Mn 
(THF-
GPC)* 
P(MMA-co-HEMA-
spiropyran) (13) 
95 % 163 48 
27500 
(17770) 
1.24 
(1.25) 
P(BA-co-HEA-spiropyran) 
(14) 
100 % 681 68 
89700 
(92400) 
1.33 
(1.28) 
P(BMA-co-HEMA-
spiropyran) (15) 
93 % 2716 272 
394100 
(394400) 
1.38 
(1.25) 
P(BA-grad-HEMA-
spiropyran) (16) 
78 % 394 91 
110000 
(79600) 
1.47 
(1.25) 
* In parentheses the values of the educt polymers are shown. [OH] : [spiropyran] : [DCC] : [4-pyrrolidino 
pyridine] = 0.778 mmol : 0.854 mmol : 1.165 mmol : 0.008 mmol; reaction temperature: 45 °C; solvent: 2.5 
mL CH2Cl2 + 2.0 mL THF. 
 
In general the molecular weight distributions became broader after the introduction of the 
spiropyran. Possibly some spiropyrans switched to the open zwitterionic merocyanine 
form, which may cause aggregation of some polymer chains. However, in all cases the 
conversions are high. Scheme 5 summarizes the types of the synthesized spiropyran 
decorated copolymers in a cartoon. 
P(BA-grad-HEMA-spiropyran) (16) P(MMA-stat-HEMA-spiropyran) (13)
P(B(M)A-stat-HE(M)A-spiropyran) (14) + (15)  
 
Scheme 5: Shape of the spiropyran decorated copolymers. 
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2.3.3 Behaviour of polymers in solution and adsorbed on surfaces 
 
UV/Vis-Spectrometry 
 
Spiropyran derivatives are well known photoresponsive organic compounds, which 
undergo a reversible photoinduced transformation from a usually colourless, non-planar 
closed spiropyran form to a coloured, planar open zwitterionic merocyanine form 
associated with reversible changes in dipole moments (Scheme 1).72 The dominant 
merocyanine isomer in non-polar solvents is a planar trans-monomeric species while that 
in polar hydroxylic media is a dimeric or associated species.73 In solvents of different 
polarity (THF and toluene) UV/Vis absorption spectra of two different spiropyran species 
were analyzed, namely the free spiropyran molecule 12 and the high molecular weight 
P(BMA-co-HEMA-spiropyran) (15) with a number of spiropyran repeating units of ca. 
10 % with respect to the total number of repeating units. UV/Vis spectra of the spiropyran 
12 and the P(BMA-co-HEMA-spiropyran) (15) were compared in THF and toluene 
solution before and after UV-light exposure. Furthermore the rate constant and half-life 
time of the ring closure reaction from zwitterionic merocyanine to the spiropyran species 
was determined in toluene in presence and absence of an ultra fine mica powder (we 
tested toluene solutions since toluene was used for the preparation of polymers spin 
coated on mica surfaces for SFM, see next paragraph). By these experiments, the question 
was addressed whether the spiropyran-merocyanine equilibrium is effected by interaction 
with the polar mica surface.  
Photochromic polyacrylates containing spiropyran groups were found to undergo 
photoinduced variations of their viscosity.21,24 Since the viscosity of a polymer system is 
in part a reflection of polymer conformation, the viscosity changes were attributed to 
photoinduced conformational changes of the macromolecules. Light-induced structural 
changes i.e. were observed in solution using spiropyran-containing poly(L-glutamic acids) 
showing α-helix to random coil transition of the polypeptide via circular dichroism 
measurements.74  
As expected, UV irradiation (with λ = 365 nm light from a custom-made UV-photodiode) 
of the spiropyran solutions resulted in the open merocyanine form that adsorbs in the 
visible spectrum of light. Concentrations of the monomers and polymers were chosen to 
keep the spiropyran concentration equal (Figures 11-14). Table 9 lists absorption 
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maximum (λmax) values for the merocyanine form in different solvents. Figures 11-14 
show the UV/Vis absorption spectra before and after exposure to UV-light. 
 
Table 9: UV/Vis λmax in dependence of spiropyran species and solvent at 21 °C: 
species / solvent 
[conc.]  
λmax / nm nru (total) 
nru  
(spiropyran-
species) 
spiropyran 12 / toluene 
[0.01 g/L] 
562 
[582]* 
  
P(BMA-co-HEMA-
spiropyran) (15) / toluene 
[0.05 g/L]** 
592 2716 272 
spiropyran 12 / THF 
[0.01 g/L] 
560  
[577]* 
  
P(BMA-co-HEMA-
spiropyran) (15) / THF 
[0.05 g/L]** 
586 2716 272 
* literature values.75  
** 0.05 g/L P(BMA-co-HEMA-spiropyran) corresponds to ca. 0.01 g/L spiropyran moieties. 
 
A blue shift (smaller λmax values) was found in the adsorption maxima of all tested 
spiropyran species if polar THF was used as solvent compared to non-polar toluene 
(Table 9). This blue shift is characteristic for the significantly more polar photochrome 
environment which is caused by intermolecular interactions between the photochrome 
and solvent that modifies the energy gap between the ground and excited state of the 
absorbing species.75-77 Variations in the local environment can also explain the significant 
red shifts (higher λmax values) from free spiropyran compared to polymer bound 
spiropyrans. This indicates a less polar photochrome microenvironment due to the less 
polar polymer chain itself because of the high n-butyl moiety concentration in P(BMA-
co-HEMA-spiropyran). 
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Figure 11: UV/Vis spectra of spiropyran 12 in THF (c = 0.01 g/L) before (flat) and after (peak) 2 
min exposure to UV light (λ = 365 nm).  
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Figure 12: UV/Vis spectra of spiropyran 12 in toluene (c = 0.01 g/L) before (flat) and after (peak) 2 
min exposure to UV light (λ = 365 nm). 
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Figure 13: UV/Vis spectra of P(BMA-co-HEMA-spiropyran) (15) in THF (c = 0.05 g/L, 
corresponding to ca. 0.01 g/L spiropyran moieties) before (flat) and after (peak) 2 min exposure to 
UV light (λ = 365 nm). 
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Figure 14: UV/Vis spectra of P(BMA-co-HEMA-spiropyran) (15) in toluene (c = 0.05 g/L, 
corresponding to ca. 0.01 g/L spiropyran moieties) before (flat) and after (peak) 2 min exposure to 
UV light (λ = 365 nm). 
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UV light irradiation of the spiropyran 12 and the P(BMA-co-HEMA-spiropyran) (15) 
turned the colourless toluene solutions into blue ones. The decolouration from the 
coloured zwitterionic merocyanine species to the spiropyran species (Figure 1) was 
monitored at the maximum of absorbance (λmax at 562 nm in case of spiropyran and at 592 
nm in case of P(BMA-co-HEMA-spiropyran) in presence and absence of mica powder 
(Figures 15 and 16). The temperature of the solution is assumed to be constant (21 °C) 
since the cuvette was surrounded by a massive cuvette holder made of steel and the 
solutions were stirred during measurements. 
Figure 15 shows the decolouration kinetic of the free merocyanine. It is known that in 
polar environments the open, merocyanine form is stabilized and vice versa.78 As 
expected, the polar mica particles retarded the relaxation of the zwitterionic coloured 
merocyanine species in switching back to the non-polar colourless spiropyran. The same 
experiment was conducted with P(BMA-co-HEMA-merocyanine) showing the same 
tendency (Figure 16) but considerable lower influence of mica particles. To estimate rate 
constants of the switching process and half-life times, absorption vs. time was determined 
(Figure 16) using the equation (1)79 and the first order kinetic coordinates. A first order 
decoloration kinetic is assumed; in the literature80 different models to fit decolouration are 
discussed and do not necessarily have to follow a first order kinetic.81 
 
                                        – kt = ln [(Absinf – Abst) . (Absinf – Abs0) –1]                                            (1) 
 
with k = rate constant, t = time, Abs0 = absorption at t = 0, Abst = absorption at t = x,  
Absinf = absorption at t = infinite; half life time t1/2 = ln 2 . k –1 
 
Table 10 summarizes the estimated rate constants k and half-life times t1/2 of merocyanine 
to spiropyran isomerization in toluene. As discussed before, the half-life times increase in 
presence of the polar mica particles, especially in the case of the free merocyanine. 
Comparison of the rate constants (or half life times) of free merocyanine with P(BMA-co-
HEMA-merocyanine) demonstrates a faster switching process of the free photochrome. In 
case of P(BMA-co-HEMA-merocyanine) relaxation to the spiropyran isomer is slowed 
down compared to the monomeric species even without addition of the small mica 
particles and the further retardation by interaction with the mica is rather marginal and 
does not approach the same long half-life times observed for the monomer. Steric 
hindrance due to the polymer chain as a cause of slower ring closure, which is discussed 
in the literature appears unlikely for the monomolecular reaction.11 Regarding the effect 
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of mica it may be assumed that the polar merocyanine isomer gets adsorbed on mica, 
where it is stabilized by the interaction with the polar surface. In this case retardation of 
the relaxation may be explained by a model where the polar merocyanine only isomerises 
to spiropyran after desorption, i.e. fast relaxation in solution is retarded by this slower 
desorption which has to take place in advance. It has been reported that for the reversible 
switching of free spiropyrans adsorbed on a silica matrix exchange with a non-polar 
medium, i.e. toluene solution, is essential.82  
In a subsequent series of experiments, we performed fluorescence microscopy with 
P(BMA-co-HEMA-spiropyran) adsorbed on mica surfaces (see next paragraph) 
exploiting the merocyanine fluorescence compared to the spiropyran species. In the 
polymer thermal relaxation is expected to be relatively slow since vicinal merocyanine 
species have a strong tendency to associate in toluene to J-aggregates (dipoles of 
merocyanine are arranged in a parallel head-to-head structure) or H-aggregates 
(antiparallel head-to-tail dipole arrangement). This aggregation was observed i.e. in 
poly(spiropyran-methacrylate)s,1,83 even though in P(BMA-co-HEMA-spiropyran) the 
concentration of the spiropyran is much less (10 % spiropyran repeating units with respect 
to the total number of repeating units) compared to the published homopolymer.83 
 
Table 10: Decolouration of merocyanine species in absence and presence of mica powder in 
toluene at 21 °C; half-life time and rate constants: 
species in toluene* t 1/2 [sec] k [10-2 sec-1] 
spiropyran 12 16.6 4.167 
spiropyran 12 + mica 59.4 1.167 
P(BMA-co-HEMA-
spiropyran) (15) 
20.1 3.453 
P(BMA-co-HEMA-
spiropyran) (15) + mica 
21.7 3.196 
* spiropyran in toluene (c = 0.01 g/L) after 2 min exposure to UV light without and with mica powder (2 
g/L) and P(BMA-co-HEMA-spiropyran) in toluene (c = 0.05 g/L) after 2 min exposure to UV light without 
and with mica powder (2 g/L). 0.05 g/L P(BMA-co-HEMA-spiropyran) corresponds to ca. 0.01 g/L 
spiropyran moieties. 
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Figure 15: Decolouration kinetic (determined at 562 nm) of merocyanine 12 in toluene (c = 0.01 
g/L) after 2 min exposure to UV light (λ = 365 nm) in presence and absence of mica powder 
(2 g/L). 
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Figure 16: Decolouration kinetic (determined at 562 nm) of P(BMA-co-HEMA-merocyanine) (15) 
in toluene (c = 0.05 g/L, corresponding to ca. 0.01 g/L spiropyran moieties) after 2 min exposure 
to UV light (λ = 365 nm) in presence and absence of mica powder (2 g/L). 
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Figure 16: First order plots for the absorbance changes (thermo relaxation at 21 °C) in toluene 
after 2 min exposure to UV light (λ = 365 nm) measured in darkness at 592 nm [P(BMA-co-
HEMA-spiropyran) (15), c = 0.05 g/L, corresponding to ca. 0.01 g/L spiropyran moieties] and 562 
nm [spiropyran 12, c = 0.01 g/L] in presence and absence of mica powder (2 g/L); linear fit was 
calculated from t = 0 to t = 70 sec. 
 
 
Fluorescence-Microscopy 
 
The zwitterionic trans-isomer shows fluorescence that strongly depends on the 
microenvironment of the photochrome. Typical Φf valuesc range from i.e. Φf = 0.01 of 
free spiropyran species in ethanol84 to Φf = 0.24 of encapsulated species in hydrophobic 
poly(N-isopropylacrylamide)s.85 In general, fluorophores tend to emit strongly when 
situated in hydrophobic microenvironment.85  
Since fluorescence quantum yields of polymer bound merocyanine species are relatively 
low only a semi quantitative study of the photo switching process of P(BMA-co-HEMA-
spiropyran) adsorbed on mica surfaces was carried out. For this purpose mica was coated 
with P(BMA-co-HEMA-spiropyran) dissolved in toluene. After evaporation of the 
solvent the photo intensity due to fluorescence was measured using a fluorescence 
microscope equipped with a highly light-sensitive CCD-camera using always the same 
sample position. Figure 17 shows the results using a relatively thick polymer layer 
                                                 
c  Fluorescence quantum yield Φf = number of emitted photons per number of photons adsorbed. 
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whereas Figure 18 summarizes the results if mica was coated with a thinner polymer 
layer. After irradiation with UV light P(BMA-co-HEMA-spiropyran) was switched to the 
fluorescent merocyanine species (Figure 17). The reversibility of this process is 
demonstrated since irradiation with yellow light switched the adsorbed merocyanine 
species back to non-fluorescent spiropyran species. The relative intensity of the 
fluorescence decreased if irradiation experiment was repeated due to photobleaching of 
the fluorophores (Figure 17). Similar results have been achieved using a thinner polymer 
layer adsorbed on mica (Figure 18).  
The introduction of water vapour did not inverse the relaxation process to the non-polar 
spiropyran species. It must be noted that the observation of the intensities has been semi 
quantitative since the sensitivity of the camera was not high enough. Furthermore, in both 
experiments (Figures 17 and 18) a polymer multilayer has been studied which does not 
reflect the behaviour of single P(BMA-co-HEMA-spiropyran) molecules adsorbed on 
mica.  
To conclude, polymer bound spiropyran can be reversibly photo-switched and shows 
thermal relaxation from P(BMA-co-HEMA-merocyanine) to P(BMA-co-HEMA-
spiropyran) in bulk. But it is not entirely clear yet if single spiropyran species can be 
switched if adsorbed on mica. However, due to the non-polar microenvironment in-
between the polymer chain the switch ability may be assumed. 
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Figure 17: Relative photon emission in seven different experiments: No. 1) polymer on mica; 
2) 2 min UV; 3) 1 min yellow; 4) 2 min yellow; 5) 2 min UV; 6) 2 min yellow; 7) 2 min UV; sample 
preparation: 10 μL of P(BMA-co-HEMA-spiropyran) (15) in toluene, c = 0.02 g/L, solvent 
evaporated on mica, ddroplet = 7 mm. 
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Figure 18: Relative photon emission in six different experiments: No. 1) polymer on mica; 2) 2 min 
UV; 3) 2 min UV again; 4) 10 min darkness; 5) 1 h darkness in water vapour; 6) 2 min UV; sample 
preparation: 10 μL of P(BMA-co-HEMA-spiropyran) (15) in toluene, c = 0.0005 g/L, solvent 
evaporated on mica, ddroplet = 7 mm. 
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SFM analysis 
 
By scanning force microscopy (SFM) the surface topography of, i.e. polymeric materials 
can be measured with subnanometer resolution using a tip as probe that is positioned at 
the end of a cantilever.86,87 Any forces acting on the probe while scanning the tip across 
the surface results in lateral or vertical forces of the cantilever due to interactions with the 
surface (tip follows the surface profile) that can be recorded as the surface topography. 
Conformational properties of stiff and thick synthetic macromolecules88 like polymer 
brushes, dendron-jacketed, hyperbranched and helical polymers or biomacromolecules89 
like DNA have been studied using SFM. However, the SFM visualisation of thin linear 
polymer chains which are very flexible is still an experimental challenge. There are only 
few examples in literature: single polysilane molecules grafted on quartz and silicon 
substrates were imaged.90 Individual chains of poly(ethylene-co-propylene) were 
visualized on mica substrates at elevated temperature.91 Recently the vital "reptational" 
movements of isolated isotactic poly(methyl methacrylate) chains on mica were imaged. 
It was claimed that the long flexible chains reptated on the substrate caterpillar-like along 
their chain directions in water vapour.92 However, it is known that single macromolecules 
can undergo conformational changes on a substrate when they are exposed to water 
vapours.93 Recently the real time SFM visualization of conformational transitions from 
coil-to-globule of comb-like polymethacrylate-graft-poly(butyl acrylate) that had been 
adsorbed on mica and exposed to vapours of different solvents has been published.94 
Similar reversible conformational transitions were also observed for single poly(2-
vinylpyridine) (P2VP) chains. Conformational changes of the molecules were induced by 
vapour.95  
Here the conformational transition of P(BMA-co-HEMA-spiropyran) (15) chains have 
been studied using similar conditions. Furthermore the aggregation of dissolved 
molecules is revealed switching the polymer to P(BMA-co-HEMA-merocyanine) using 
UV-light and by adsorbing the agglomerates on mica. 
Figure 19 shows P(BMA-co-HEMA-spiropyran) globules with a height of approx. 2 nm 
adsorbed on mica after deposition from a solution in toluene and treatment with water / 
ethanol (80 / 20 v / v) vapour. When exposed to water vapour, the molecules start to 
extend and wormlike single polymer chains with a height of 0.1-0.5 nm can be observed. 
The single molecules start to collapse again when water / ethanol (80 / 20 v / v) vapours 
have been introduced to show initial situation.  
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a            b   
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Figure 19: Sequence of SFM tapping mode topography images of P(BMA-co-HEMA-spiropyran) 
(15) molecules (nru = 2716) on mica spin coated from toluene solution (c = 0.001 g/L) in 
atmosphere with varying partial pressure of ethanol and water; a: initial image of collapsed 
molecules in water / ethanol (80 / 20 v / v) vapour; b: decollapsed wormlike molecules in water 
vapour; c: collapsed molecules in water vapour / ethanol (80 / 20 v / v) again; bar size = 500 nm; 
below the images: height profile of marked (---) section. 
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This is in agreement with results obtained on conformational transitions of P2VP 
macromolecules.95 Both water and ethanol adsorb strongly at the polar surface of mica. 
Thus water and ethanol vapours moderate the surface properties of mica. The proposed 
mechanism for the reversible transformation is that the molecules probably extend when 
water vapours are introduced in order to maximise the occupied surface area per 
macromolecule. The macromolecules do not interact with plain mica surface but with the 
adsorbed layer of water molecules on surface. The introduction of the ethanol vapours 
leads to coadsorption of ethanol molecules and a decrease of the surface tension, reduces 
the interaction of the substrate with the polymer chains and favours the polymer-collapse 
to globules.95 Hence, the conformational changes are related to changes in surface tension 
due to water or water/ethanol ad-layers leading to adhesion/extension or 
desorption/collapse of the macromolecules. 
Figure 20 shows P(BMA-co-HEMA-spiropyran) (15) macromolecules which have been 
spin coated from a solution in toluene in darkness. The SFM image shows single adsorbed 
polymer chains. A significant attractive force of the polymer chains towards the mica 
substrate enables imaging. The same experiment was conducted irradiating the polymer 
solution before and during spin coating with UV-light. The irradiation excites the non-
polar P(BMA-co-HEMA-spiropyran) molecules to zwitterionic P(BMA-co-HEMA-
merocyanine) species as explained before (see UV/Vis and fluorescence microscope 
experiments). Because of the electrostatic attractions between the merocyanine molecules 
in non-polar toluene the aggregation of P(BMA-co-HEMA-merocyanine) chains 
increases. The agglomerates have been deposited on the dry mica surface as shown in 
Figure 20. Figure 21 depicts the principle of the photoinduced agglomeration by dipole-
dipole interaction. 
However, no conformational changes of P(BMA-co-HEMA-spiropyran) molecules on 
mica have been observed when adsorbed molecules were irradiated with UV-light or Vis-
light while at the same time monitored by SFM. Even when water or water/ethanol 
vapours were introduced to enhance the mobility of the adsorbed P(BMA-co-HEMA-
merocyanine) molecules, they did not collapse. Comparable experiments were conducted 
with highly oriented pyrolytic graphite (HOPG) surfaces. Here the mobility of linear 
P(BMA-co-HEMA-spiropyran) was observed to be too high to visualize the molecules. 
The scanning tip moved the molecules across the hydrophobic surface. 
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It is not clear whether the merocyanine dipoles can attract each other when adsorbed on 
polar mica surfaces. However, it must be also taken into account that the time scale of the 
molecular switching does not correspond to the imaging, inspite of the fact that the mica 
surface retards the photo-switching (see UV/Vis experiments in toluene in presence of 
mica powder).  A further argument to be considered is that photo-bleaching occurred 
which destroyed the molecules. Finally we must take into account that the adsorbed 
merocyanine molecules in direct contact to mica do not switch back to the spiropyran 
form at all (see fluorescence microscopy experiments). Irreversible photo-switching to the 
zwitterionic merocyanine species can not be fully excluded since polar mica surface 
might be able to trap the merocyanine in its zwitterionic form. 
 
 
Figure 20: SFM tapping mode topography images of P(BMA-co-HEMA-spiropyran) (15) (nru = 
2716) on mica, spin coated from toluene solution (c = 0.001 g/L) before (left) and after 5 min. UV-
exposure (right) of the solution; bar size = 500 nm. 
 
 
  UV light
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Figure 21: Schematic representation of the proposed mechanism responsible for the 
conformational change of linear macromolecules in solution. 
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2.4 Conclusion 
 
This chapter presents the synthesis of different spiropyran decorated copolymers with 
different microstructures, spiropyran concentrations and degrees of polymerization. 
Linear copolymers, namely P(MMA-co-HEMA), P(BA-grad-HEMA-TMS), P(BA-co-
HEA-TMS) and P(BMA-co-HEMA-TMS), were synthesized via controlled radical 
polymerization techniques like ATRP and RAFT (nru ranging from 163 to 2716). The 
microstructure of the polymers was determined by kinetic studies in all cases. After 
cleavage of the TMS protective group spiropyran derivative with carboxylic acid 
functionality was covalently bound to functional hydroxyl groups of polymers via a 
polymer analogous reaction (spiropyran repeating unit concentration ranging from 10-
30 % with respect to total number of repeating units). Dicyclohexylcarbodiimide was 
used to convert the acid groups in an active ester. The behaviour of these spiropyran 
decorated polymers was studied in solution via UV/Vis spectroscopy showing the 
reversible photoswitching of the spiropyran moieties to zwitterionic merocyanine 
derivatives if irradiated with UV light. Rate constants and half life times (in range of 
several seconds) of the decolouration process due to thermo relaxation in toluene of 
P(BMA-co-HEMA-merocyanine) to P(BMA-co-HEMA-spiropyran) and of free 
merocyanine to spiropyran were estimated in presence and absence of mica powder. The 
half life times increase in the presence of polar mica particles, especially in case of the 
free merocyanine. The polymer back-bone of P(BMA-co-HEMA-merocyanine) obviously 
shields the merocyanine moieties from mica particles and is responsible for a less polar 
microenvironment. The reversible photo-switch ability of P(BMA-co-HEMA-spiropyran) 
to P(BMA-co-HEMA-merocyanine) was also studied in polymer films coated on mica 
surfaces measuring the fluorescence of the merocyanine species. These semi-quantitative 
experiments proved the reversible switch-ability and thermo relaxation in bulk. The 
agglomeration of P(BMA-co-HEMA-merocyanine) after exposure to UV-light in toluene 
was proven in "freezing" the conformation of polymer chains on mica surface in 2D. 
Scanning force microscopy (SFM) was used to visualize the conformation of spiropyran 
decorated single macromolecular chains and agglomerated merocyanine decorated ones 
when exposed to UV light. Furthermore it has been shown using SFM that single 
P(BMA-co-HEMA-spiropyran) chains can undergo reversible conformational changes 
from coil-to-globule on mica substrate when they are exposed to water vapours or 
ethanol/water vapours. No conformational changes of adsorbed P(BMA-co-HEMA-
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spiropyran) molecules on mica have been observed when SFM images were recorded 
during irradiation with UV-light or Vis-light in case of adsorbed P(BMA-co-HEMA-
merocyanine) molecules. Possibly the attractive forces of switched spiropyran species to 
merocyanine dipoles are not high enough when adsorbed on polar mica surfaces or photo-
switched zwitterionic merocyanine species are trapped by the polar mica surface. 
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______________________________Chapter 3 
 
Synthesis of polymer brushes via the "grafting from" approach: 
Conformational changes of single molecules  
adsorbed on surfaces 
 
 
3.1 Introduction 
 
"Polymer brushes are defined as dense layers of chains confined to a surface or interface 
where the distance between grafts is much less than the unperturbed dimensions of the 
tethered polymer. Due to the high steric crowding, grafted chains extend from the surface 
or interface, thus residing in an entropically unfavourable conformation."1 Dense grafting 
onto a cylinder with a diameter in the range of a few nanometers or less, in the extreme a 
polymer backbone or a sphere, in the extreme a molecular core results in brushlike 
structures where the grafts are significantly less confined to extend. Depending on the 
substrates, polymer brushes may be classified as one dimensional (1D), two dimensional 
(2D) or three dimensional (3D) brushes, corresponding to polymer chains grafted on linear 
polymer chains, planar surfaces and spherical particles (Scheme 1).  
 
spherical brushes (3D)flat polymer brush (2D)molecular brush (1D)
shape: cylindrical shape: flat shape: spherical
 
Scheme 1: Polymer brushes synthesized from different substrates. 
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Particularly molecular cylindrical polymer brushes,2,3 a class of 1D brushes of one linear 
main chain with dense grafted side chains, have received considerable attention in the last 
years4-6 since a series of well defined polymers with varying nature of side chains, chain 
lengths, architecture, and with backbones have been synthesized using living / controlled 
polymerization techniques. The steric repulsion between the side chains imposes some 
rigidity yielding "wormlike" macromolecules. At the same time polymer brushes are 
relatively thick. Recently conformational transformations of adsorbed brushes were 
monitores real time by scanning force microscopy (SFM).7 The polymer brushes 
underwent a transition from an extended two-dimensional wormlike to a compact globule 
conformation depending on the balance of the interfacial interaction forces and entropic 
forces. This balance can be shifted by coadsorption of low molecular weight molecules, in 
order to effect the conformational change. Since the collapse / decollapse is reversible, it 
has been proposed that the transformation of brush molecules provides an efficient 
mechanism for molecular motility on surfaces.7 
 Molecular brushes can be synthesized by three different methods8 (Scheme 2), by 
"grafting from" (a),9-12 "grafting through" (b) 2,913,14 and "grafting onto" (c).15,16  
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Scheme 2: Different chemical pathways to prepare cylindrical brushes (a: "grafting from"; b: 
"grafting through"; c: "grafting onto"). 
 
The "grafting through" method, which is the homo- or copolymerization of 
macromonomers, provides brushes with extremely high grafting density since each main 
chain monomer unit carries one side chain. This approach has been studied for almost two 
decades.17 But because of sterical hindrance of side chains and because of the 
consequentially low concentration of polymerizable groups, it has been difficult to 
synthesize polymacromonomers with a high degree of polymerization. There are only few 
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special cases, when macromonomers can self-organize into micelles within which the 
polymerizable groups are highly concentrated to reach high degrees of polymerization. I.e. 
a rapid polymerization to polymer brushes with very high molecular weights was observed 
when poly(ethylene oxide) (PEO) macromonomers with hydrophobic spacer groups in 
between the PEO segment and the polymerizing group form micelles in aqueous solution 
with the hydrophobic part oriented towards the middle of the micellar core.18 Another 
disadvantage of this method is incomplete conversion of macromonomers, which causes 
difficulties in purification. All attempts to synthesize polymer brushes through controlled / 
living polymerization techniques (anionic19 and cationic20 polymerization, atom transfer 
radical polymerization (ATRP),14 group transfer polymerization21 and ring-opening 
polymerization22) failed so far, in that no high degree of polymerization have been 
obtained. 
An advantage of the "grafting onto" method ("grafting to" method termed as well) is that 
both the backbone and the side chains are prepared separately.23 Thus backbone and side 
chains can be synthesized with (different) controlled / living polymerization techniques.24 
Side chains with end-functional groups (X) are grafted onto functional groups on the 
backbone (Y) usually by a condensation reaction. However, the grafting density is limited 
since the reactivity of the reactive sites decreases with increasing sterical hindrance. 
Furthermore it is limited by thermodynamic reasons since the main chain must change 
from random coil conformation to a stretched rodlike conformation, which is entropically 
unfavourable. Similar to the "grafting through" approach incomplete coupling reactions 
and difficulties in purification of the polymer brushes are disadvantages of the method. 
The "grafting from" approach was only employed successfully11,25-27 with the development 
of ATRP. First a well-defined backbone, which is synthesized via controlled / living 
polymerisation techniques, is functionalized with ATRP initiating groups (maximum one 
initiating group per backbone monomer unit or less). Then side chains are grown from the 
polymeric backbone via ATRP. This technique leads to cylindrical polymer brushes with 
high grafting density and narrow distributions of both backbone and side chains. The 
purification of the resulting polymer brushes is much easier compared to the other 
methods because the resulting polymer is practically the only polymeric product. 
Cylindrical polymer brushes with different polymer side chains have been synthesized 
since the ATRP is tolerant to many functional monomers; i.e. polymer brushes with 
polystyrene or poly(meth)acrylate backbones and diverse poly(meth)acylate,28 
polystyrene,29 poly(N-isopropylacrylamide)30 and sugar side chains.31 
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Table 1 summarizes the advantages and disadvantages of each method: 32 
 
Table 1: Comparison of different chemical pathways to prepare cylindrical brushes: 
 "grafting from" "grafting through" "grafting onto" 
main chain polydispersity + – + 
side chain polydispersity o + + 
control of grafting density o + – 
+ = good control; – = poor control; o = intermediate control 
 
This chapter describes the polymerization of cylindrical brushes by RAFT and ATRP 
techniques using the "grafting from" approach. The synthesis of a highly dense grafted 
brush, a less dense grafted brush and a gradient type brush was successfully performed 
with P(BA-stat-HEA) side chains (Scheme 3) with the aim to attach spiropyran 
molecules33 to the hydroxyl groups of the HEA units.  
Scheme 4 depicts the reaction schemes explored. P(HEMA-TMS) is synthesized via 
RAFT polymerization and transformed into the polyfunctional macroinitiator (backbone). 
Side chains containing HEA-TMS units are grafted via ATRP technique. The hydroxyl 
groups obtained after cleavage of TMS protective group are used for polymer analogous 
esterification with spiropyran acids. 
Scheme 5 and 6 show the synthetic routes to less dense grafted polymer brushes and 
gradient type polymer brushes. In this case the backbone is P(MMA-stat-HEMA-TMS) 
(Scheme 5). For gradient type polymer brushes the backbone is P(BA-grad-HEMA-TMS) 
prepared by ATRP (Scheme 6).  
Spiropyrans can undergo a reversible photoinduced transformation from a nonplanar 
closed spiropyran form to an open zwitterionic merocyanine form associated with 
reversible changes in dipole moments (Scheme 7). In the case of this new class of 
photosensitive cylindrical polymer brushes it is expected that the polarity of the molecule 
can reversibly switched by light. For molecules adsorbed at a surface a flatly adsorbed 
wormlike polymer brush might be caused to collapse to a compact globule conformation. 
Photo induced collapse / decollapse cycles may lead to motion of the molecules on 
specific surfaces which might be a step towards light-driven molecular walkers. 
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Scheme 3: a: highly dense, b: less dense grafted polymer brush, c: gradient type polymer brush. 
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Scheme 7: Photoisomerization of photochromic spiropyran. 
 
 
3.2 Experimental  
 
Materials 
 
Chloroform (>99 %, Merck), anisole (>99 %, Fluka), pentane (techn. grade), methanol 
(techn. grade), tetrabutylammonium fluoride (TBAF, 1 M solution in THF, Fluka), 
4-pyrrolidino pyridine (98 %, Fluka), N,N´-dicyclohexylcarbodiimide (DCC, 99 %, 
Fluka), basic aluminia (Al2O3, Brockmann activity I, pH 9.5 ± 0.5, Fluka), silica gel (SiO2, 
silica gel 60, 70-230 mesh, Merck), 2-bromoisobutyryl bromide (98 %, Aldrich), toluene 
(>99.9 %, Chromasolv, Sigma Aldrich) and 2-butanone (MEK, 99.5 %, Merck) were used 
as received. Tetrahydrofuran (Merk) was distilled from sodium. Monomers like methyl 
methacrylate (MMA, >99 %, Fluka), n-butyl acrylate (BA, 99 %, Fluka) and 
2-(trimethylsilyloxy)-ethyl methacrylate (HEMA-TMS, 96 %, Aldrich) were distilled 
under reduced pressure before use. The synthesis of 2-(trimethylsilyloxy)-ethyl acrylate 
(HEA-TMS), spiropyran acid and cumyl dithiobenzoate (CDB) is described in chapter 2. 
2,2'-Azobisisobutyronitrile (AIBN, >98 %, Aldrich) was recrystallized from methanol. 
CuBr (98 %, Aldrich) was purified by washing with glacial acetic acid, followed by 
absolute ethanol and acetone, and then dried under vacuum. KF (>99 %, Fluka) was dried 
in high vacuum at 60 °C five days and kept under argon afterwards. 4,4'-Dinonyl-2,2'-
dipyridyl (dinonylbpy, 97 %, Aldrich) and CuBr2 (99 %, Fluka) were dried in high 
vacuum at RT five days and kept under argon. Reactions were performed in round bottom 
flasks or Schlenk tubes equipped with septa in inert gas atmosphere of argon (Westfalen 
AG, 4.6, dried over mole sieve (4 Å) and potassium on aluminium oxide). 
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Methods 
 
1H-NMR and 13C-NMR spectra were recorded on a Bruker DPX-300 FT-NMR 
spectrometer at 300 MHz and 75 MHz. Deuterated solvents were used and 
tetramethylsilane (TMS) served as the internal standard.  
All molecular weight values (Mn and Mw) were determined by gel permeation 
chromatography (GPC) using PMMA calibration (polymer standards from PL). GPC 
analyses performed with tetrahydrofuran (THF) as the eluent were carried out using a high 
pressure liquid chromatography pump (PL-LC 1120 HPLC) and both a refractive index 
detector (ERC-7515A) and a UV detector (ERC-7215, λ = 254 nm) at 35°C. The eluting 
solvent was THF with 250 mg/L 2,6-di-tert-butyl-4-methylphenol (Aldrich) and a flow 
rate of 1.0 mL/min. Four columns with MZ-DVB gel were applied: length of each column 
300 mm, diameter 8 mm, diameter of the gel particles 5 μm, nominal pore widths 50, 100, 
1000, 10 000 Å.  
For peak deconvolution, peak fitting software (hs NTeqGPC V 6.2.12, Hard- und 
Software mbH, Dr. W. Schupp) was used. 
Scanning Force Microscopy (SFM) was performed with a Nanoscope III microscope 
(Digital Instruments, Veeco, Santa Barbara, US). Investigations in the tapping mode were 
carried out with Si-cantilevers (Nanosensors, Neufchatel, Switzerland) resonating at 204-
497 kHz with a spring constant around 10-130 N/m. Images were edited with the 
Nanoscope software v5.12r5 (Digital Instruments, Veeco, Santa Barbara, USA). The 
polymers were deposited on freshly cleaved mica substrates (SPI supplies, USA) from 
dilute toluene solutions (c = ca. 0.001 mg/mL) by spin coating at room temperature. In 
some cases the solution with spiropyran decorated polymers was irradiated 2 minutes with 
UV light (λ = 365 nm) before and during spin coating. Collapse / decollapse of polymers 
were induced with water vapour or water / ethanol (20 / 80 v / v) vapour generated 
through a bubbler with nitrogen flow and dispensed through a syringe needle close to the 
SFM tip (approximately 5 mm distance). 
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3.2.1 Backbone synthesis for polymer brushes 
 
a) Backbone synthesis for highly dense grafted polymer brushes 
 
Polymerization of HEMA-TMS via RAFT (1) 
 
2-Phenylpropan-2-yl dithiobenzoate (CDB, cumyl dithiobenzoate) was synthesized by a 
modified literature procedure from dithiobenzoic acid followed by the reaction with 
α-methylstyrene.34,35 The synthesis is described in chapter 2. 
 
In a Schlenk flask deoxygenated HEMA-TMS (4.046 g, 20 mmol), CDB (1.362 mg, 0.005 
mmol, dissolved in 0.46 mL of freshly prepared stock solution in anisole) and AIBN 
(0.164 mg, 0.001 mmol, dissolved in 0.41 mL of freshly prepared stock solution in 
anisole) were degassed by three freeze-pump-thaw cycles. An initial sample was taken for 
1H-NMR analysis and the flask was placed in a thermostated oil bath at 55 °C. 
Periodically samples were removed during the polymerization to determine molecular 
weight by GPC and conversion by 1H-NMR (comparison of -OTMS-signal at 0.13 ppm as 
internal standard with allyl proton of HEMA-TMS at 5.58 ppm). 
After 50.5 h the reaction mixture was cooled with liquid nitrogen to stop the 
polymerization and diluted in THF (10 mL). Solvent and monomer were removed under 
vacuum. Monomer conversion was 23.2 % of HEMA-TMS, initial feed ratio [M] : [CDB] 
: [AIBN] was 4000 : 1 : 0.2. 
S
O O
O
S
1 2
3 4
Si
5
1  
Mn (THF-GPC) = 289000; Mw/Mn = 1.33. 1H-NMR (CDCl3): δ = 0.14 (s, 9H, H-5), 0.90-
1.26 (br, 3H, H-2), 1.75-2.00 (br, 2H, H-1), 3.76 (br, 2H, H-4), 3.99 (br, 2H, H-3) ppm. 
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Table 2: Synthesis of P(HEMA-TMS-) via RAFT: 
polymer t / h 
xp (NMR) /  
% 
Mn 
(THF-GPC) 
Mw/Mn 
(THF-GPC) 
nru  
(THF-
GPC) 
ln 
[M]0/[M] 
1a 15.0 2.6 56200 1.68 278 0.026 
1b 24.2 8.9 158900 1.36 787 0.093 
1c 29.6 12.8 203500 1.31 1007 0.137 
1d 35.5 16.7 268200 1.33 1328 0.183 
1e 45.0 23.0 287000 1.32 1421 0.261 
1f 50.5 23.2 289000 1.33 1431 0.264 
 
 
Synthesis of poly[2-(bromoisobutyryloxy)-ethyl methacrylate] P(BIEM) (2) 
 
With the reaction conditions described before the polymerization of HEMA-TMS was 
repeated without removing periodically samples to study the kinetics of the reaction. An 
initial sample was taken for 1H-NMR analysis: After 48.0 h the reaction mixture was 
cooled with liquid nitrogen to stop the polymerization and another sample was taken for 
1H-NMR and GPC analysis. The reaction mixture was diluted in dry THF (20 mL). 
Monomer conversion was 26.8 % of HEMA-TMS, initial feed ratio [M] : [CDB] : [AIBN] 
was 4000 : 1 : 0.2. Mn (THF-GPC) = 318700; Mw/Mn = 1.33. nru (GPC) = 1580.  
The reaction mixture was placed in a round bottom flask (ca. 4 g polymer/monomer 
mixture dissolved in 20 mL dry THF under argon atmosphere, assuming 19 mmol -OTMS 
groups). Dried KF (1.104 g, 19 mmol) was added to give a suspension. A solution of 
tetrabutylammonium fluoride (51.3 mg, 0.19 mmol, dissolved in 2 mL dry THF) was 
added dropwise to the solution. The reaction mixture was cooled to 0 °C followed by slow 
addition of 2-bromoisobutyryl bromide (6.552 g, 28.5 mmol) over the course of 20 min. 
The reaction mixture was stirred 48 h at RT, the volume was reduced to ca. 10 mL using a 
rotary evaporator and precipitated into methanol/ice (3 / 2 v / v %). The separated 
precipitate was redissolved in chloroform (100 mL), filtered through a column of basic 
alumina, and the solvent was removed under vacuum. The polymer again was precipitated 
from chloroform solution two times into pentane and dried under vacuum.  
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Conversion of OH-groups: >99 %, Mn (THF-GPC) = 371500; Mw/Mn = 1.52. 1H-NMR 
(CDCl3): δ = 0.80-1.35 (br, 3H, H-2), 1.85 (br, 2H, H-1), 1.97 (br, 6H, H-5 + H-5'), 4.21 
(br, 2H, H-3), 4.37 (br, 2H, H-4) ppm. 
 
 
b) Backbone synthesis for less dense grafted polymer brushes 
Polymerization of MMA and HEMA-TMS via RAFT (3) 
 
2-Phenylpropan-2-yl dithiobenzoate (CDB, cumyl dithiobenzoate) was synthesized by a 
modified literature procedure from dithiobenzoic acid followed by reaction with 
α-methylstyrene.36,37 The synthesis is described in chapter 2. 
 
In a Schlenk flask deoxygenated HEMA-TMS (2.839 g, 14.04 mmol), MMA (0.601 g, 
6.01 mmol); CDB (1.362 mg, 0.005 mmol, dissolved in 0.45 mL of freshly prepared stock 
solution in anisole) and AIBN (0.164 mg, 0.001 mmol, dissolved in 0.30 mL of freshly 
prepared stock solution in anisole) were degassed by three freeze-pump-thaw cycles. An 
initial sample was taken for 1H-NMR analysis and the flask was placed in a thermostated 
oil bath at 60 °C. Periodically samples were removed to determine the molecular weight 
by GPC and the conversion by 1H-NMR (comparison of -OTMS-signal at 0.13 ppm as 
internal standard with both allyl proton of HEMA-TMS at 6.13 ppm and allyl proton of 
MMA at 6.09 ppm): 
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After 33 h the reaction mixture was cooled with liquid nitrogen to stop the polymerization. 
Monomer conversion was 24.0 % of HEMA-TMS and 44.7 % of MMA, initial feed ratio 
HEMA-TMS : MMA was 7 : 3, [M] : [CDB] : [AIBN] was 4000 : 1 : 0.2. Mn (THF-GPC) 
= 199700; Mw/Mn = 1.31. 
S
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3  
1H-NMR (CDCl3): δ = (i) HEMA-TMS repeating units: 0.14 (s, 9H, H-5), 0.90-1.25 (br, 
3H, H-2), 1.75-2.00 (br, 2H, H-1), 3.76 (br, 2H, H-4), 3.99 (br, 2H, H-3), (ii) MMA 
repeating units: 0.90-1.25 (br, 3H, H-2'), 1.75-2.00 (br, 2H, H-1'), 3.59 (br, 3H, H-6) ppm. 
 
Table 3: Synthesis of P(MMA-co-HEMA-TMS) via RAFT: 
polymer t / h 
xp (NMR) 
total /  
% 
Xp (NMR) 
HEMA-TMS / 
% 
xp (NMR) 
MMA /  
% 
Mn 
(THF-GPC) 
Mw/Mn 
(THF-GPC) 
3a 4.3 1.3 0 4.2 nd nd 
3b 10.0 3.2 0 10.7 nd nd 
3c 19.8 10.4 5.1 22.7 68100 1.45 
3d 24.0 18.6 14.3 28.6 135400 1.32 
3e 28.1 24.1 19.0 36.1 173100 1.30 
3f 33.0 30.2 24.0 44.7 199700 1.31 
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Table 4: Synthesis of P(MMA-co-HEMA-TMS) via RAFT: 
polymer t / h 
monomer ratio 
MMA 
 : HEMA-TMS 
(NMR) 
nru 
(total) 
nru 
(HEMA
-TMS) 
nru 
(MMA) 
total ln 
[M]0/[M] 
HEMA-
TMS ln 
[M]0/[M] 
MMA ln 
[M]0/[M]
3a 4.3 29 : 71 50 0 50 0.021 0 0.043 
3b 10.0 28 : 72 128 0 128 0.055 0 0.113 
3c 19.8 26 : 74 415 143 272 0.150 0.052 0.257 
3d 24.0 26 : 74 744 400 344 0.241 0.154 0.3372 
3e 28.1 25 : 75 965 532 433 0.322 0.211 0.448 
3f 33.0 24 : 76 1208 672 536 0.421 0.274 0.592 
 
 
Synthesis of poly[methyl methacrylate-co-2-(bromoisobutyryloxy)-ethyl 
methacrylate] P(MMA-co-BIEM) (4) 
 
With the reaction conditions described before the polymerization of MMA and HEMA-
TMS was repeated without removing periodically samples to study the kinetics of the 
reaction. An initial sample was taken for 1H-NMR analysis: After 31.5 h the reaction 
mixture was cooled with liquid nitrogen to stop the polymerization and another sample 
was taken for 1H-NMR and GPC analysis. The reaction mixture was diluted in dry THF 
(15 mL). Initial feed ratio HEMA-TMS : MMA was 7 : 3, [M] : [CDB] : [AIBN] was 
4000 : 1 : 0.2. Total monomer conversion was 20.6 % (14.0 % HEMA-TMS; 36.8 % 
MMA; HEMA-TMS : MMA ratio in solution was 76 : 24), Mn (THF-GPC) = 138700; 
Mw/Mn = 1.33. nru (total) = 938 (ca. 441 HEMA-TMS monomer units). 
The reaction mixture was placed in a round bottom flask (ca. 3.4 g polymer and monomer 
dissolved in 15 mL dry THF under argon atmosphere, assuming 13.5 mmol -OTMS 
groups). Dried KF (0.784 g, 13.5 mmol) was added to give a suspension. A solution of 
tetrabutylammonium fluoride (36.5 mg, 0.14 mmol, dissolved in 2 mL dry THF) was 
added dropwise to the solution. The reaction mixture was cooled to 0 °C followed by slow 
addition of 2-bromoisobutyryl bromide (4.655 g, 20.25 mmol) over the course of 20 min. 
The reaction mixture was stirred 48 h at RT, the volume was reduced to ca.10 mL using a 
rotary evaporator and precipitated into methanol/water (3 / 2 v / v %) at 0 °C. The 
separated precipitate was redissolved in chloroform (100 mL), filtered through a column 
of basic alumina, and the solvent was removed under vacuum. The polymer was 
reprecipitated twice from chloroform solution into pentane and dried under vacuum.  
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Ratio of repeating units (1H-NMR): MMA : BIEM = 55 : 45. 
1H-NMR (CDCl3): δ = (i) MMA repeating units: 0.79-1.32 (br, 3H, H-2'), 1.84 (br, 2H, H-
1'), 3.59 (br, 3H, H-6), (ii) BIEM repeating units: 0.79-1.32 (br, 3H, H-2), 1.84 (br, 2H, H-
1) 1.97 (br, 6H, H-5 + H-5'), 4.21 (br, 2H, H-3), 4.38 (br, 2H, H-4) ppm. 
 
 
c) Backbone synthesis for gradient type polymer brushes 
 
Synthesis of poly[butylarylate-grad-2-(bromoisobutyryloxy)-ethyl 
methacrylate] P(BA-grad-BIEM) (5) 
 
The synthesis and kinetic studies of P(BA-grad-HEMA-TMS) is described in chapter 2. 
Polymer 2g (from chapter 2) was used for the esterification with 2-bromoisobutyryl 
bromide (polymerization was stopped after 9 h, monomer conversion was 91 % of BA and 
61 % of HEMA-TMS, initial feed ratio BA : HEMA-TMS was 5 : 1. [M] : [Ini] : [CuBr] : 
[PMDETA] was 600 : 1 : 1 : 1. Mn (THF-GPC) = 79600; Mw/Mn = 1.25, nru = 394, with 91 
HEMA-TMS repeating units). 
In a round bottom flask P(BA-grad-HEMA-TMS) (0.97 g, 1.24 mmol -OTMS groups) 
was dissolved in 8 mL dry THF under argon atmosphere. Dried KF (0.72 g, 1.24 mmol) 
was added to give a suspension. A solution of tetrabutylammonium fluoride (3.14 mg, 
0.012 mmol, dissolved in 1 mL dry THF) was added dropwise to the solution. The 
reaction mixture was cooled to 0 °C followed by slow addition of 2-bromoisobutyryl 
bromide (483 mg, 2.1 mmol) over the course of 10 min. The reaction mixture was stirred 
48 h at RT, the volume was reduced to ca. 3 mL using a rotary evaporator and precipitated 
into methanol/water (3 / 2 v / v %) at 0 °C. The separated precipitate was redissolved in 
chloroform (50 mL), filtered through a column of basic alumina, and the solvent was 
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removed under vacuum. The polymer was reprecipitated twice from chloroform solution 
into pentane and dried under vacuum. 
OO
Br
OO
O
O
O 1 2 1´
3
4 5
6
7
8 9
O
Br
10 10´
5  
Conversion of OH-groups: >99 %, Mn (THF-GPC) = 83000; Mw/Mn = 1.30. Ratio of 
repeating units (1H-NMR): BA : BIEM = 77 : 23. 
1H-NMR (CDCl3): δ = (i) BA repeating units: 0.94 (br, 3H, H-7), 1.76-2.01 (br, 2H, H-1), 
2.04-2.41 (br, 2H, H-2), 1.38 (br, 2H, H-6), 1.60 (br, 2H, H-5), 4.03 (br, 2H, H-4), (ii) 
BIEM repeating units: 0.85-1.19 (br, 3H, H-3), 1.76-2.01 (br, 2H, H-1'), 1.95 (br, 6H, H-8 
+ H-9), 4.25 (br, 2H, H-8), 4.38 (br, 2H, H-9) ppm. 
 
 
3.2.2 General procedure for the synthesis of polymer brushes and 
deprotection of -OTMS groups 
 
In a Schlenk flask the polyfunctional macroinitiator, CuBr2 and dinonylbpy were purged 
three times with argon. Deoxygenated HEA-TMS, BA and MEK (0.4 mL) were added and 
the reaction mixture was degassed by three freeze-pump-thaw cycles. The solution was 
stirred 1 h at RT and CuBr was added. An initial sample was taken for 1H-NMR analysis 
and the flask was placed in a thermostated oil bath at 70 °C. Periodically samples were 
removed during the polymerization to determine molecular weight by GPC and 
conversion by 1H-NMR (comparison of -OTMS-signal at 0.13 ppm as internal standard 
with both allyl protons of HEA-TMS and BA (5.79-6.46 ppm); monomer ratios were 
calculated from the integral ratio of allyl proton of HEA-TMS at 6.46 ppm and allyl 
proton of BA at 6.43 ppm, Figure of the spectrum in chapter 2). Initial feed ratio BA : 
HEA-TMS was 9 : 1. [M] : [Ini] : [CuBr] : [CuBr2] : [dinonylbpy] was 350 : 1 : 0.5 : 0.25 : 
1.1. 
The reaction mixture was cooled with liquid nitrogen to stop the polymerization. The 
mixture was diluted with chloroform (50 mL) and filtered through a basic alumina column 
to remove the copper catalyst. The volume of the polymer solution was reduced in vacuum 
Chapter 3 
 98
and the polymer was precipitated in methanol (ca. 300 mL, –40 °C). The residue was 
redissolved in chloroform and precipitated in pentane (ca. 300 mL, –40 °C). Then the 
polymer again was redissolved in chloroform (15 mL), layered with HClaq (15 mL, 5 %) 
and stirred four days as milky emulsion. After phase separation the polymer was diluted 
with chloroform (35 mL) and filtered on a silica column to remove traces of water/HCl. A 
portion of the solution was reduced in vacuum without drying and diluted with CDCl3 for 
1H-NMR analysis. The polymer was stored in chloroform. 
 
Table 5: Overview of the reaction conditions for the synthesis of polymer brushes: 
polymer brush 
initiator 
mg / 
mmol 
CuBr 
 mg / 
 mmol 
CuBr2 
mg / 
mmol 
dinonylbpy 
mg /  
mmol 
BA 
mg / 
mmol 
HEA-TMS 
mg /  
mmol 
6 
highly dense 
grafted brush 
40.0  
0.143  
10.3 
0.072 
0.80 
0.00358 
64.6 
0.158 
5787 
45.14 
945 
5.016 
7 
less dense 
grafted brush 
59.6 
0.150 
10.8 
0.075 
0.84 
0.00375 
67.4 
1.165 
6056 
47.25 
988 
5.25 
8 
gradient type 
brush 
105.9 
0.150 
10.8 
0.075 
0.84 
0.00375 
67.5 
1.165 
6056 
47.25 
988 
5.25 
 
Polymer 6: poly[2-(bromoisobutyryloxy)-ethyl methacrylate], (P(BIEM) (2) was used: 
After 27.5 h monomer conversion was 10.0 % of BA and HEA-TMS, Mn (THF-GPC) = 
3936900; Mw/Mn = 4.70, these values are insignificant due to the fact that the upper limit 
of GPC-column separation was overrun. 62 wt % of the reaction mixture was used after 
kinetic studies for the workup (ca. 442 mg polymer). 
 
Polymer 7: poly[methyl methacrylate-co-2-(bromoisobutyryloxy)-ethyl methacrylate],  
P(MMA-co-BIEM) (4) was used: 
After 19.2 h monomer conversion was 9.6 % of BA and HEA-TMS, Mn (THF-GPC) = 
910500; Mw/Mn = 1.78, these values are insignificant due to the fact that the upper limit of 
GPC-column separation was overrun. 66 wt % of the reaction mixture was used after 
kinetic studies for the workup (ca. 500 mg polymer). 
 
Polymer 8: poly[butyl acrylate -grad- 2-(bromoisobutyryloxy)-ethyl methacrylate] P(BA-
grad-BIEM) (5) was used: 
After 11.0 h monomer conversion was 8.6 % of BA and HEA-TMS, Mn (THF-GPC) = 
288000; Mw/Mn = 1.28, these values are significant and within the limit of the GPC-
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column separation, 70 wt % of the reaction mixture was used after kinetic studies for the 
workup (ca. 464 mg polymer). 
 
 
Kinetic Analysis of the synthesis of polymer brushes: 
 
Highly dense grafted polymer brush 6: nru = 1580 
 
Table 6: Synthesis of P(BA-co-HEA-TMS)-side chains via ATRP: 
polymer t / h 
xp (NMR) 
total /  
% 
 monomer ratio  
BA : HEA-TMS 
(NMR) 
Mn 
(THF-GPC) 
Mw/Mn 
(THF-GPC) 
6a 1.0 2.5 90 : 10 nd nd 
6b 3.0 4.1 90 : 10 1590000 3.64 
6c 5.0 4.6 90 : 10 1923800 3.73 
6d 11.5 6.3 90 : 10 2505500 4.26 
6e 20.7 9.2 90 : 10 3310700 4.54 
6f 26.3 9.8 90 : 10 3744100 4.68 
6g 27.5 10.0 90 : 10 3936900 4.70 
 
It should be noted that Mn and Mw/Mn values are insignificant due to overrun of upper 
separation limit of GPC-columns. 
 
Table 7: Synthesis of P(BA-co-HEA-TMS)-side chains via ATRP: 
polymer t / h 
nru * 
(total, 
NMR)
total ln 
[M]0/[M]
6a 1.0 9 0.025 
6b 3.0 14 0.042 
6c 5.0 16 0.047 
6d 11.5 22 0.065 
6e 20.7 32 0.010 
6f 26.3 34 0.103 
6g 27.5 35 0.105 
*used equation: nru (NMR) = (350 . xp) due to [M0] : [BIEM] = 350 :1. 
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Less dense grafted polymer brush 7: nru (total) = 938 (with 441 initiating 
repeating units) 
 
Table 8: Synthesis of P(BA-co-HEA-TMS)-side chains via ATRP: 
polymer t / h 
xp (NMR) 
total /  
% 
 monomer ratio  
BA : HEA-TMS 
(NMR) 
Mn 
(THF-GPC) 
Mw/Mn 
(THF-GPC) 
7a 0.5 2.2 90 : 10 353900 1.42 
7b 1.0 2.5 90 : 10 408800 1.46 
7c 2.0 3.5 90 : 10 462800 1.51 
7d 4.0 3.8 90 : 10 531300 1.56 
7e 8.3 5.8 90 : 10 655200 1.63 
7f 19.2 9.6 90 : 10 910500 1.78 
 
It should be noted that Mn and Mw/Mn values are insignificant due to overrun of upper 
separation limit of GPC-columns. 
 
Table 9: Synthesis of P(BA-co-HEA-TMS)-side chains via ATRP: 
polymer t / h 
nru* 
(total, 
NMR) 
total ln 
[M]0/[M]
7a 0.5 8 0.022 
7b 1.0 9 0.025 
7c 2.0 12 0.036 
7d 4.0 13 0.039 
7e 8.3 20 0.060 
7f 19.2 34 0.101 
*used equation: nru (NMR) = (350 . xp) due to [M0] : [BIEM] = 350 :1. 
 
 
Gradient type polymer brush 8: nru (total) = 394 (with 91 initiating repeating 
units) 
 
Table 10: Synthesis of P(BA-co-HEA-TMS)-side chains via ATRP: 
polymer t / h 
xp (NMR) 
total /  
% 
 monomer ratio  
BA : HEA-TMS 
(NMR) 
Mn 
(THF-GPC) 
Mw/Mn 
(THF-GPC) 
8a 0.5 0.9 89 : 11 148700 1.25 
8b 1.0 2.0 90 : 10 167100 1.23 
8c 2.0 3.4 90 : 10 189500 1.22 
8d 3.5 4.2 90 : 10 202400 1.24 
8e 6.0 5.2 89 : 11 238400 1.24 
8f 8.3 6.8 90 : 10 260300 1.24 
8g 11.0 8.6 90 : 10 288000 1.26 
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Table 11: Synthesis of P(BA-co-HEA-TMS)-side chains via ATRP: 
polymer t / h 
nru* 
(total, 
NMR) 
total ln 
[M]0/[M]
8a 0.5 3 0.009 
8b 1.0 7 0.020 
8c 2.0 12 0.035 
8d 3.5 15 0.043 
8e 6.0 18 0.053 
8f 8.3 24 0.070 
8g 11.0 30 0.090 
*used equation: nru (NMR) = (350 . xp) due to [M0] : [BIEM] = 350 :1. 
 
By comparison of -OTMS-signal at 0.13 ppm with side chain backbone signals at 2.14-
2.41 ppm (2+2´), 10 % of the integral belongs to repeating units of HEA, the conversion 
of deprotection was calculated:  
polymer brush deprotection / % 
6 highly dense grafted brush 87 
7 less dense grafted brush 93 
8 gradient type brush 100 (signal at 0.07 ppm is grease) 
 
 
3.2.3 General procedure for the polymer analogous esterification of 1-(β-
carboxyethyl)-3,3-dimethyl -6'-nitrospiro[indoline-2,2'-2H-benzopyran] with 
polymer brushes 
 
In a 5 mL Schlenk tube 4-pyrrolidino pyridine (0.1 mg, 0.0008 mmol) as catalyst and 
N,N´-dicyclohexylcarbodiimide (DCC, 33.0 mg, 0.16 mmol) were placed. The polymer 
brush solution (with 0.04 mmol -OH groups in 1.44 mL chloroform) was added. The 
spiropyran acid (61.0 mg, 0.16 mmol) was dissolved in dry THF (0.72 mL) and dropped to 
the clear polymer solution. An initial sample (7.5 μL) was taken and dissolved in THF 
(2.00 mL, spiropyran concentration in between 0.01-0.10 mg/mL). The reaction vessel 
was sealed properly and placed in a thermostated oil bath at 45 °C. Samples (7.5 μL in 
2.00 mL THF after 24 h and 72 h) were removed to determine conversion by GPC using a 
UV-detector (comparison of the initial spiropyran concentration [peak area at 37.3 mL 
elution volume (GPC)] with spiropyran concentration during the reaction). Therefore the 
reaction vessel was cooled to exactly 20 °C (using a water bath) to minimize errors due to 
evaporating solvents and volume errors.  
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Table 12: Overview of the reaction conditions and conversions of polymer analogous esterification 
of spiropyran with polymer brushes: 
polymer brush 
polymer 
mg / 
mmol OH 
area t0 
area t24h 
xp / % 
area t72h 
xp / % 
9 
highly dense 
grafted brush 
63 / 
0.04 
7.0578E-2 
7.0569E-2 
0 
7.0525E-2 
ca. 0.3 
10 
less dense 
grafted brush 
67 / 
0.04 
7.1757E-2 
7.1398E-2 
ca. 2 
7.1220E-2 
ca. 3 
11 
gradient type 
brush 
58 / 
0.04 
6.6315E-2 
6.4160E-2 
ca. 13 
6.3829E-2 
ca. 15 
 
The convenient spiropyran concentration range of 0.01-0.10 mg/mL and the linearity of 
the system parameters (peak area vs. concentration) were proven before (measurement of 
five samples with 0.005 mg/mL [area: 1.758E-3], 0.010 mg/mL [area: 9.140E-3], 0.020 
mg/mL [area: 1.438E-2], 0.050 mg/mL [area: 3.837E-2] and 0.100 mg/mL [area: 8.019E-
2] spiropyran in THF). The accuracy of the system was proven within the synthesis of 
P(MMA-grad-HEA-spiropyran) (polymer 16 in chapter 2) with 1.5 eq. spiropyran with 
respect to -OH groups: conversion (1H-NMR): 78 % (chapter 2); conversion (GPC-UV): 
69 % (area t0 = 3.4766E-2; area tend = 1.8734E-2; -> 3.4766E-2 - 2.3177 . 0.69 = 1.8734E-
2). 
 
 
3.3 Results and discussion 
 
Aim was the synthesis and characterization of cylindrical polymer brushes with different 
grafting densities with side chains having hydroxyl functionalities. These are designed for 
the polymer analogous esterification of spiropyran molecules with acid functionalities. 
Goal was to study the conversion of the esterification reaction depending on the grafting 
density of the side chains. Spiropyran decorated polymer brushes adsorbed on specific 
surfaces may change their conformation due to non-polar spiropyran molecules which can 
undergo reversible photoinduced transformations to zwitterionic merocyanines. These 
conformational changes may be studied via SFM. 
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3.3.1 Synthesis of different cylindrical polymer brushes 
 
Synthesis of polymer backbones 
 
Polymer brushes with different microstructures within the backbone that are grafted with 
P(HEA-stat-BA) side chains have been prepared. For this purpose different polymer 
backbones with narrow molecular weight distribution have been synthesized, namely 
poly[2-(2-bromopropionyloxy)ethyl methacrylate] (PBIEM) (2), P(MMA-stat-BIEM) (4) 
and P(BA-grad-BIEM) (5).  
The homopolymer backbone for dense grafted polymer brushes was polymerized 
according to a published protocol38 using addition-fragmentation chain transfer (RAFT) 
polymerization. With RAFT polymerization high molecular weight polymers from 
acrylates and methacrylates were synthesized best.39 The synthesis of cumyl dithiobenzoat 
(CDB), which was used as RAFT agent for the polymerization of HEMA-TMS, is 
described in chapter 2. P(HEMA-TMS) was synthesized at low temperature (55 °C) with 
high monomer / RAFT agent / initiator ratio ([M] : [CDB] : [AIBN] = 4000 : 1 : 0.2) and 
stopped after 48 h at low monomer conversion of 26.8 % in order to avoid termination 
reactions. At the end of the polymerization long chain P(HEMA-TMS) with a very high 
degree of polymerization (number of repeating units nru = 1580, nru (theory) = 1073 with 
respect to [CDB]a) in good control (Mw/Mn = 1.33) was obtained. To get a deeper insight 
in the polymerization, a kinetic study was performed using the same parameters that have 
been described before. Figure 1 confirms that P(HEMA-TMS) has been synthesized via a 
controlled mechanism, which is illustrated by the linear increase of molecular weight with 
the monomer conversion combined with low Mw/Mn values, which is expected by the 
theory of controlled polymerization. Figure 2 shows the kinetic plot for the RAFT 
polymerization, revealing very slow polymerization and a sigmoidal shape because of 
relatively long induction periods. This behaviour may not be explained here in detail since 
the mechanism of RAFT polymerization is still discussed contradictory in literature and 
not clear so far as the process is a relatively new technique; but it differs completely from 
ATRP (i.e. dormant species is also the source of radicals and side reactions occur leading 
to by-products, retardation, anomalies in the molecular weight distributions and so 
forth).40 However, this behaviour can be explained with slow fragmentation, retardation 
                                                 
a used equation: nru (theory) = c{ ( [M]0 / [RAFT agent]0 ) . conversion} + MRAFT agent 
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and impurities in the RAFT agent or reaction with oxygen. The kinetic of the 
polymerization depends on the used RAFT agent and monomers.41 
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Figure 1: Mn and Mw/Mn vs. conversion for the RAFT polymerization of HEMA-TMS in bulk at 
55 °C using CDB, initiated by AIBN. 
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Figure 2: Kinetic plot for the RAFT polymerization of HEMA-TMS in bulk at 55 °C using CDB, 
initiated by AIBN (kapp = 0.002 x 10-4 sec-1). 
 
The copolymer backbone for less dense grafted polymer brushes has been obtained using 
addition-fragmentation chain transfer (RAFT) polymerization, as well. Cumyl 
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dithiobenzoat (CDB) was used as RAFT agent for the copolymerization of MMA and 
HEMA-TMS. P(MMA-stat-HEMA-TMS) was synthesized at low temperature (60 °C) 
with an initial feed ratio MMA : HEMA-TMS = 3 : 7 and high monomer / RAFT agent / 
initiator ratio ([M] : [CDB] : [AIBN] = 4000 : 1 : 0.2). The polymerization was stopped 
after 31.5 h at low monomer conversion of 20.6 % (14.0 % HEMA-TMS; 36.8 % MMA; 
HEMA-TMS : MMA ratio in solution was 76 : 24), again to avoid termination reactions. 
At the end P(MMA-stat-HEMA-TMS) with a high degree of polymerization (nru = 938, 
with 441 HEMA-TMS monomer units, nru (theorie) = 835 in total with respect to [CDB]b) 
with narrow molecular weight distribution (Mw/Mn = 1.33) was synthesized. A kinetic 
study confirmed that random copolymers have been obtained using a initial feed ratio of 
HEMA-TMS : MMA = 7 : 3 (Figure 3). The instantaneous composition of the copolymer 
(Figure 4) reveals a statistical microstructure with only marginal gradient like 
compositions due to higher reactivity of MMA, which was compensated with the excess 
of HEMA-TMS. Figure 5 proves that the random copolymer has been synthesized via a 
controlled mechanism. Mn increases linearly with monomer conversion and the polymer 
was characterized by low values of the polydispersity indexes (ca 1.3) at the end of the 
polymerization. 
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Figure 3: First-order kinetic plot for the RAFT copolymerization of MMA and HEMA-TMS (3 : 7) in 
bulk at 60 °C using CDB, initiated by AIBN (kapp (HEMA-TMS) = 0.003 x 10-4 sec-1, kapp (total) = 
0.004 x 10-4 sec-1, kapp (MMA) = 0.005 x 10-4 sec-1).  
                                                 
b used equation: nru (theory) = c{ ( [M]0 / [RAFT agent]0 ) . conversion} + MRAFT agent 
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Figure 4: Instantaneous composition of P(MMA-stat-HEMA-TMS) (3). 
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Figure 5: Mn and Mw/Mn vs. conversion for the RAFT copolymerization of MMA and HEMA-TMS 
(3 : 7) in bulk at 60 °C using CDB, initiated by AIBN.  
 
The synthesis and kinetic study of the gradient type polymer P(BA-grad-HEMA-TMS) is 
described in chapter 2. The copolymer was synthesized by the spontaneous gradient 
formation method42 (monomer conversion was 91 % of BA and 61 % of HEMA-TMS 
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after 9 h, initial feed ratio BA : HEMA-TMS was 5 : 1. [M] : [Ini] : [CuBr] : [PMDETA] 
was 600 : 1 : 1 : 1. Mn (THF-GPC) = 79600; Mw/Mn = 1.25, nru = 394, with 91 HEMA-
TMS repeating units). 
In cases of long chain protected polymers, P(HEMA-TMS) (1) and P(MMA-stat-HEMA-
TMS) (3) synthesized via RAFT, the polyfunctional macroinitiators have been synthesized 
using the crude reaction mixture of the polymerization including unreacted monomer for 
the cleavage of the TMS protective groups and esterification to P(BIEM) (2) and P(MMA-
stat-BIEM) (4) by reaction with 2-bromoisobutyryl bromide in dry THF using KF and a 
catalytic amount of tetrabutylammonium fluoride (TBAF). The benefit of this procedure is 
that the high viscous reaction mixture is inconvenient to handle regarding the removal of 
monomers; the polymer can be easily cleaned from monomer by-product BIEM 
afterwards via precipitation. The esterification reaction using TBAF/KF is the crucial step 
of the macroinitiator synthesis since the reagents have to be absolutely dry. It has been 
observed that high concentrations of free OH-groups by means of water traces directly 
lead to extremely viscous solutions probably due to (physical) crosslinking and chain 
entanglements. The shorter gradient copolymer P(BA-grad-HEMA-TMS) was easier to 
handle and isolated previous to the polymer analogous esterification in THF to P(BA-
grad-BIEM) (5) using TBAF/KF and 2-bromoisobutyryl bromide according to a published 
protocol.11,38 
In all cases the conversion was nearly quantitative (>99 %) since on the one hand the 
signal of the -OTMS protective group disappeared and on the other hand the integral of 
the (CH3)2 groups (+ -CH2- backbone) agreed numerically with the integral of the 
-CH2CH2- groups of the BIEM repeating units in 1H-NMR (see Figures 14-16). In 
conclusion, the conditions and results of the backbone syntheses are listed in Table 13 and 
Table 14. In general the molecular weight distributions become broader which was also 
annotated in several publications.42 
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Table 13: Conditions and results of the synthesized polymers: 
backbone monomers (M1/M2) conv M1 conv M2 Mn (GPC) 
Mw/Mn 
(GPC) 
nru (total)  
[nru (HEMA-
TMS)] 
homo-I 
(RAFT) HEMA-TMS 27 % – 318700 1.33 
1580  
[1580] 
stat-II 
(RAFT) 
MMA/HEMA-TMS 
(3 : 7) 37 % 14 % 138700 1.33 
938  
[441] 
grad-III 
(ATRP) 
BA/HEMA-TMS  
(1 : 5) 91 % 61 % 79600 1.25 
394 
[91] 
homo-I = P(HEMA-TMS) (1); stat-II = P(MMA-stat-HEMA-TMS) (3); 
grad-III = P(BA-grad-HEMA-TMS) (2g, chapter 2) 
RAFT: [M] : [CDB] : [AIBN] = 4000 : 1 : 0.2 
ATRP: [M] : [Ini] : [Cu+] : [PMDETA] = 600 : 1 : 1 : 1 
 
Table 14: Results of the functionalized backbone (polyfunctional macroinitiator): 
initiator Mn (GPC) 
Mw/Mn 
(GPC) 
nru (total)  
[nru (BIEM)] 
homo-IA 
(RAFT) 371500 1.52 
1580  
[1580] 
stat-IIA 
(RAFT) 129700 1.39 
938  
[441] 
grad-IIIA 
(ATRP) 83000 1.30 
394 
[91] 
homo-IA = P(BIEM) (2); stat-IIA = P(MMA-stat-BIEM) (4); grad-III A= P(BA-grad-BIEM) (5) 
 
 
3.3.2 Synthesis of polymer brushes: "grafting from" of P(BA-HEA-TMS) side 
chains 
 
The grafted cylindrical polymer brushes have been synthesized by grafting BA and HEA-
TMS from P(BIEM) (2), P(MMA-stat-BIEM) (4) and P(BA-grad-BIEM) (5) 
polyfunctional macroinitiators via ATRP. All these brush polymerizations were carried 
out using equal reaction conditions: 5 vol % MEK was used as solvent, the monomer ratio 
BA : HEA-TMS was 9 : 1 and the initial feed ratio remained constant at [M0] : [BIEM] : 
[CuBr] : [CuBr2] : [dinonylbpy] = 350 : 1 : 0.5 : 0.25 : 1.1. CuBr2 was added initially to 
reduce the amount of spontaneously generated radical termination due to the persistent 
radical effect.43,44 All polymerizations were performed at 70 °C.  
First it must be noted that all Mn and Mw/Mn values of the dense grafted brush 6 and less 
dense grafted polymer brush 7 are insignificant due to the fact that the upper separation 
limit of GPC-column was overrun. But for the sake of completeness all graphs that are 
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related to these values are shown to demonstrate general tendencies. Mn and Mw/Mn values 
of the gradient type brush polymerization 8 are significant (especially Mw/Mn values), but 
also just apparent ones. There is a big change in the hydrodynamic volume of these brush 
polymers due to high grafting density of side chains. It is known that the hydrodynamic 
volume of branched polymers decreases and therefore they have apparently lower 
molecular weights during GPC analysis compared to their linear analogues.45,46 Thus only 
monomer conversions (and thus the semilogarithmic kinetic plots) monitored via 1H-NMR 
can be used for serious discussion of the polymer brush syntheses (absence of small 
molecular weight initiators is assumed due to purification of polyfunctional 
macroinitiators). 
Figure 6 shows that Mn increases in all cases quite linearly with monomer conversion, in 
good agreement with the theory of controlled polymerization. Figure 7 displays the narrow 
molecular weight distribution (only values for the gradient type brush are significant, 
Mw/Mn = 1.26 at the end of the polymerization). During the synthesis of brushes the GPC 
traces shift completely, indicating the formation of high molecular weight brushes 
(exemplary shown for the gradient type brush in Figure 8). Since no shoulders appeared, 
contribution of side reactions such as intermolecular brush-brush-coupling can be 
neglected. The monomer ratio monitored via 1H-NMR during the synthesis was always 
constant (BA : HEA-TMS = 9 : 1) indicating the formation of random copolymer side 
chains. To avoid termination reactions and high viscosities during polymer brush 
syntheses polymerizations were stopped at low monomer conversions. It has been 
described in literature that low monomer conversions are crucial in the synthesis of 
polymer brushes to avoid brush-brush crosslinking reactions.27,42 Degrees of 
polymerization of the side chains were calculated based on the monomer conversions.c 
Table 15 summarizes the results of the polymer brush syntheses: 
 
 
 
 
 
 
 
 
                                                 
c used equation: nru (NMR) = (350 . xp) due to [M0] : [BIEM] = 350 :1 
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Table 15: Results of the polymer brush syntheses: 
polyfunctional 
macroinitiator 
conv. M 
reaction 
time / h 
Mn app 
(GPC)  
x 106 
Mw/Mn 
(GPC)  
backbone: 
nru (total)  
[nru (side-
chains)] 
sidechain: 
nru (total)  
[nru (HEA-
TMS)] 
homo-IA  10.0 % 27.5 (3.9) (4.70) 1580  [1580] 
35 
[4] 
stat-IIA  9.6 % 19.2 (0.9) (1.78) 938  [441] 
34 
[3] 
grad-IIIA  8.6 % 11.0 0.3 1.26 394 [91] 
30 
[3] 
homo-IA = P(BIEM) (2); stat-IIA = P(MMA-stat-BIEM) (4); grad-III A= P(BA-grad-BIEM) (5) 
BA : HEA-TMS = 9 : 1; initial feed ratio: [M0] : [BIEM] : [CuBr] : [CuBr2] : [dinonylbpy] = 350 : 1 : 0.5 : 
0.25 : 1.1; reaction temperature was 70 °C, monomer ratio was constant during reaction; in round brackets: 
insignificant values due to overrun of upper separation limit of GPC-columns. 
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Figure 6: Mn vs. conversion for the side chain ATRP of BA and HEA-TMS (9 : 1) in MEK at 70 °C 
using CuBr/CuBr2/dinonylbpy, initiated by different polyfunctional macroinitiators. 
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Figure 7: Mw/Mn vs. time for the side chain ATRP of BA and HEA-TMS (9 : 1) in MEK at 70 °C 
using CuBr/CuBr2/dinonylbpy, initiated by different polyfunctional macroinitiators. 
 
 
Figure 8: GPC eluogram of gradient type grafted brush samples during kinetic study (8a-8g). 
 
In Figure 9 the ln [M]0/[M] for the side chain polymerization of different polyfunctional 
macroinitiators is plotted vs. time (semilogarithmic first-order kinetic plots). Interestingly, 
they have the same tendency of a fast polymerization in the beginning and decreasing 
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reaction rates at the end of the polymerization. This might be due to reduced diffusion 
rates of the monomers to reach the sterical hindered side chains because of increasing 
viscosity or due to more and more forced stretched rodlike conformation which is 
entropically disadvantaged. However, the apparent rate constants clearly demonstrate that 
the polymerization is fastest with the short gradient type brush with locally separated 
initiating sites and very slow with the long chain backbone with a high initiator 
concentration per chain. 
0 5 10 15 20 25 30
0.00
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Figure 9: First-order kinetic plot for the side chain ATRP of BA and HEA-TMS (9 : 1) in MEK at 
70 °C using CuBr/CuBr2/dinonylbpy, initiated by different polyfunctional macroinitiators [kapp(dense 
grafted) = 0.0007 x 10-4 sec-1; (−); kapp(less dense grafted) = 0.0012 x 10-4 sec-1, (---); kapp(gradient) 
= 0.0019 x 10-4 sec-1, (….)]. 
 
In order to proof the possibility in attaching spiropyran acids to the side chains of the 
polymer brushes via a polymer analogous esterification, the protective OTMS groups of 
the HEA repeating units had to be cleaved. Preliminary experiments in which with H+ 
deprotected polymer brushes have been precipitated and dried, revealed that the polymers 
became insoluble or gels, particularly the dense grafted polymer brush (nru (backbone) = 
1580) probably due to physical crosslinking caused by hydrogen bonding or chemical 
crosslinking due to transesterification reactions of the local nearby chains that has been 
observed in basic reaction media.47 However, these problems are not described in 
literature i.e. in the synthesis of amphiphilic cylindrical brushes with even more polar 
poly(acrylic acid) core and P(BA) shell (but no possibility for chemical crosslinking),27 or 
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in the synthesis of AB-type brush-block-brush amphiphilic copolymers even though one 
block consisted of P(HEMA) side chains. But it must be noted that this AB-type 
copolymer brush had only 70 main chain units consisting of 21 P(HEMA) side chains in 
total.48 Of course, polymer brushes with P(BA) side chains do not gel.49 Since the 
cleavage of TMS protective groups caused tremendous problems, the polymer brushes 
were kept dissolved all the time. The cleaving step was conducted using a polymer brush 
solution in chloroform that was layered with diluted HClaq and stirred vigorously to an 
emulsion. After phase separation the deprotected polymer brushes were still soluble in the 
organic phase. 
The different polyfunctional macroinitiators and the cylindrical brush polymers were 
characterized by 1H-NMR spectroscopy after removal of the protective OTMS groups 
(Figures 10-12). Due to the increasing concentration of side chain protons during the 
polymer brush synthesis, in all cases the polymer backbone within the cylindrical brush 
can not be detected using 1H-NMR spectroscopy. Comparison of remaining protective 
TMS groups with the repeating units of the side chains showed the tendency that the 
conversion of cleavage increases with decreasing molecular weight and decreasing side 
chain concentration. With respect to the total amount of HEA monomer units the highly 
dense grafted brush was deprotected to 87 %, the less dense grafted brush to 93 % and the 
short gradient type brush with locally separated side chains were deprotected quantitative. 
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Figure 10: 1H-NMR spectrum of poly[2-(bromoisobutyryloxy)-ethyl methacrylate] P(BIEM) (2) and 
the highly dense grafted brush 6 in CDCl3 (+ = acetone, * = methanol, # = OTMS traces). 
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Figure 11: 1H-NMR spectrum of poly[methyl methacrylate-co-2-(bromoisobutyryloxy)-ethyl 
methacrylate] P(MMA-co-BIEM) (4) and the less dense grafted brush 7 in CDCl3 (# = OTMS 
traces).  
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Figure 12: 1H-NMR spectrum of poly[butyl acrylate-grad-2-(bromoisobutyryloxy)-ethyl 
methacrylate] P(BA-grad-BIEM) (5) and the gradient type grafted brush 8 in CDCl3 (G = grease, at 
0.07 ppm). 
 
 
3.3.3 Polymer analogous esterification of hydroxyl groups in the side chain 
of different polymer brushes using the carbodiimide method 
 
Polymer analogous esterification of hydroxyfunctional linear polyacrylates and 
polymethacrylates, with different microstructures and molecular weights, with spiropyran 
acid has been successfully conducted using N,N´-dicyclohexylcarbodiimide (DCC). The 
synthesis of the spiropyran acid and the polymer analogous esterification is described in 
chapter 2. 
Since isolation of the polymer brushes occurs cross-linking and an excess of spiropyran 
molecules is necessary for the esterification, a reliable method was required to measure 
conversions without purifying the polymers. 1H-NMR spectroscopy can not be used for 
this purpose because of the impossibility to exactly differentiate between covalently bound 
0.00.51.01.52.02.53.03.54.04.55.05.5
OO OO
O
a´
c
d e
f
g
h i
O
Br
j j´
a b
OO OO
1 2
3 4
5 6
7
1´ 2´
8
OO
Br
OO
OH
O
O
(ppm)
TMS 
  G 
     i   h 
       d 
       c         b 
       j+j´ 
       e      f 
       g 
     7       8 
       3 
      2+2´         1+1´ 
          4     5 
       6 
a 
a´
Chapter 3 
 117
spiropyrans and unreacted ones. Hence, GPC analysis was used to determine conversion 
by means of measuring the decrease in UV-absorbance of the strong UV-adsorbing 
spiropyran molecule. The UV-signal of the spiropyran (at 37.3 mL elution volume) 
decreases if covalently bound to polymers due to the formation of a high molecular weight 
product which generates a new UV-peak in the region of less elution volumes (related to 
high molecular weight). A calibration curve served as proof of the principle (Figure 13) 
showing a linearity of spiropyran concentration and generated UV-signal (= peak area), 
which is required to calculate the conversion (system proofed to behave linear at 0.01-0.10 
mg/mL). 
 
Figure 13: Linearity of the system parameters (peak area vs. spiropyran concentration) in GPC 
(THF) using an UV detector (ERC-7215, λ = 254 nm). 
 
Different polymer brushes, namely the dense grafted brush 6, the less dense grafted brush 
7 and the gradient type brush 8, with known concentrations of hydroxyl groups were 
reacted in THF at 45 °C with known spiropyran concentrations (fourfold excess) using 
DCC as coupling agent (also fourfold excess). The reaction was monitored via GPC with 
an UV-detector. Losses of solvents during the reaction due to evaporation can be 
neglected.d Table 16 shows the conversions of spiropyrans: 
                                                 
d The accuracy of the system was also proofed within the synthesis of P(MMA-grad-HEA-spiropyran) 
(polymer 16 in chapter 2) that was purified from unreacted spiropyrans. Conversion was measured via GPC 
analysis during the reaction with 69 % and after isolation of the polymer with 78 % via 1H-NMR analysis 
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Table 16: Overview of the conversions of polymer analogous esterification of spiropyran with 
polymer brushes 6, 7 and 8 to spiropyran decorated polymer brushes 9, 10 and 11:* 
polymer brush 
xp / % 
after 24 h 
xp / % 
after 72 h 
9 
highly dense 
grafted brush 
0 ca. 0.3 
10 
less dense 
grafted brush 
ca. 2 ca. 3 
11 
gradient type 
brush 
ca. 13 ca. 15 
* [OH] : [spiropyran] : [DCC] : [4-pyrrolidino pyridine] = 0.04 mmol : 0.16 mmol : 0.16 mmol : 0.0008 
mmol; reaction temperature: 45 °C; solvents: 1.44 mL chloroform + 0.72 mL THF. 7.5 μL-samples have 
been removed exactly at 20 °C and were diluted in 2.00 mL THF to conduct GPC measurements (spiropyran 
concentration: 0.01-0.10 mg/mL THF). 
 
It has been shown that linear copolymers with hydroxyl groups can be reacted with only 
1.1 fold excess of spiropyran in short reaction times to high conversions (chapter 2). The 
same reaction of cylindrical brush polymers with P(BA-stat-HEA) side chains with even 
fourfold excess of spiropyran and very long reaction times (up to 72 h) did not lead to 
acceptable conversions. The measured values (Table 16) clearly show the tendency that 
the conversion increases with decreasing side chain densities of the polymer brushes. Due 
to sterical hindrance the reactive O-acylisourea-spiropyran intermediate (DCC + 
spiropyran) obviously is too voluminous to diffuse into the dense side chains. Another 
feasible explanation is that the polymer brushes are collapsed (globule formation) in the 
used solvent mixture. On the other hand in unpolar solvents mixtures spiropyran 
molecules would not dissolve. However, the entropically unfavourable reaction due to 
increase of stretching the polymer to a rodlike conformation, delivers moderate conversion 
in case of the gradient type polymer brush. It seems to be reasonable that the esterification 
only can occur in less dense grafted domains of the polymer brush (Figure 14). This could 
be the reason that no synthetic routes are published for the polymer analogous reaction of 
spiropyran derivatives with functional groups in dense grafted cylindrical polymer 
brushes. Spiropyran monomers have been used for the synthesis of only less dense grafted 
brushes from colloidal particles50 or surfaces.51 
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Figure 14: Reaction of spiropyrans with different types of cylindrical polymer brushes. 
 
 
3.3.4 SFM analysis of polymer brushes 
 
Scanning force microscopy (SFM) was used to produce further evidence that molecular 
brushes have been synthesized and to display the differences in size of the three different 
polymer brushes. Molecular brushes can be visualized at the individual level by SFM 
because their contour is larger than the lateral resolution of SFM. In recent studies11,52,53 
with brushlike macromolecules (PMA-graft-PBA) it has been shown that the steric 
repulsion between the side chains imposes an effective rigidity of the brushlike 
macromolecules (detailed explanations can be found in chapter 1). The adsorption of the 
side chains on a flat mica surface results in an extended 2D-conformation of polymer 
brushes. The resulting wormlike conformation can be found in all topography images 
(Figures 15-17). Figure 15 shows the topography image of the highly dense grafted 
polymer brush 6 consisting of a very long backbone. The image of the less dense grafted 
polymer brush 7, which consists of a shorter backbone, is shown in Figure 16. The 
relatively short backbone of the gradient type polymer brush 8 is reflected in the image of 
Figure 17, which shows very short macromolecules. In all cases the molecular weight 
distribution of the backbone is reflected in the different contour length of the wormlike 
molecules showing differences in length of the adsorbed macromolecules. 
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Figure 15: SFM tapping mode topography image of the highly dense grafted polymer brush 6 (nru 
(main chain) = 1580), spin coated from toluene solution (c = 0.001 g/L), bar size = 100 nm. 
 
 
Figure 16: SFM tapping mode topography image of the less dense grafted polymer brush 7 (nru 
(main chain) = 938), spin coated from toluene solution (c = 0.001 g/L), bar size = 100 nm. 
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Figure 17: SFM tapping mode phase image of the gradient type polymer brush 8 (nru (main chain) 
= 394), spin coated from toluene solution (c = 0.001 g/L), bar size = 100 nm. 
 
 
3.4 Conclusion 
 
This chapter presents the polymerization of three different types of cylindrical brushes via 
controlled polymerization techniques using the "grafting from" approach and the attempt 
to bind spiropyran molecules covalently onto functional groups of the side-chains of the 
polymer brushes. 
First different backbones have been synthesized, namely long chain P(HEMA-TMS) via 
RAFT polymerization (nru = 1580), a shorter P(MMA-co-HEMA-TMS) with statistical 
microstructure (nru (total) = 938, nru (HEMA-TMS) = 441) also via RAFT polymerization 
and a short P(BA-co-HEMA-TMS) with gradient type microstructure (nru (total) = 394, nru 
(HEMA-TMS) = 91) via ATRP. In all cases the microstructure was determined via kinetic 
studies. Cleavage of the protective TMS groups and esterification with 2-bromoisobutyryl 
bromide was performed to prepare the different polyfunctional macroinitiators which act 
as backbone for the polymer brushes. The grafting of P(BA-co-HEA-TMS) side chains to 
the polymer brushes was accomplished in all cases via ATRP. Kinetic studies have proven 
side chain lengths of nru ca. 30 in all cases (assuming that all bromoisobutyryloxy-groups 
have initiated side chain polymerization) and showed, that side chains consist of 
statistically distributed repeating units BA and HEA-TMS with 10 % HEA-TMS. 
Cleavage of the TMS protective groups of the side chains showed decreasing conversions 
using H+ with increasing side chain densities (quantitative, 93 % and 87 % conversion 
with respect to HEA-TMS repeating units). The attempt to bind spiropyran molecules 
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covalently by a polymer-analogous reaction onto hydroxyl groups of the HEA units of the 
side chains failed in case of the highly dense grafted polymer brush due to steric hindrance 
or repulsive interactions of the relatively non-polar side chains and the voluminous 
reactive O-acylisourea-spiropyran intermediate, which is very polar. With decreasing side 
chain density the entropically unfavourable reaction due to increase of stretching the 
polymer to a rodlike conformation, was observed with low conversion in case of the less 
dense grafted polymer (3 % with respect to free hydroxyl groups) and moderate 
conversion in case of the gradient type polymer brush (15 %). Thus, the grafting from 
approach might be improved using directly spiropyran monomers. Also the synthesis of 
polymer brushes with densely and less densely sequences of grafting density probably 
may work if polymer-analogous esterification with spiropyrans is favoured. For the 
performance of SFM experiments highly dense grafted domains are essential for the 
stiffness and thus better resolution of polymer brushes adsorbed on surfaces, whereas less 
dense grafted domains obviously are essential for effective bonding of spiropyran 
molecules. However, SFM was used to image the topography of the successfully 
synthesized three different polymer brush types that are shown to be adsorbed in a 
wormlike conformation on a mica surface. 
 
 
3.5 References 
 
1 R.C. Advincula, W. J. Brittain, K.C. Caster, J. Rühe (eds.), Polymer Brushes, Wiley-VCH, Weinheim, 
2004. 
2 M. Wintermantel, M. Gerle, K. Fischer, M. Schmidt, I. Wataoka, H. Urakawa, K. Kajiwara, Y. Tsukahara, 
Macromolecules 1996, 29, 978.  
3 S. Kawaguchi, K. Akaike, Z.-M- Zhang, H. Matsumoto, K. Ito, Polym. J. 1998, 30, 1004. 
4 S.S. Sheiko, M. Möller, Chem. Rev. 2001, 101, 4099.  
5 Y. Tsukahara, K. Tsutsumi, Y. Yamashita, S. Shimada, Macromolecules 1990, 23, 5201. 
6 P. Dziezok, S.S. Sheiko, K. Fischer, M. Schmidt, M. Möller, Angew. Chem. Int. Ed. Engl. 1997, 36, 2812. 
7 M.O. Gallyamov, B. Tartsch, A.R. Khokhlov, S.S. Sheiko, H.G. Börner, K. Matyjaszewski, M. Möller, 
Chem. Eur. J. 2004, 10, 4599. 
8 M. Zhang, A.H.E. Müller, J. Polym. Sci. Part A: Polym. Chem. 2005, 43, 3461. 
9 D. Neugebauer, Y. Zhang, T. Pakula, S.S. Sheiko, K. Matyjaszewski, Macromolecules 2003, 36, 6746. 
10 K.L. Beers, S.G. Gaynor, K. Matyjaszewski, S.S. Sheiko, M. Möller, Macromolecules 1998, 31, 9413. 
11 H.G. Boerner, K.L. Beers, K. Matyjaszewski, S.S. Sheiko, M. Möller, Macromolecules 2001, 34, 4375. 
12 D. Neugebauer, B.S. Sumerlin, K. Matyjaszewski, B. Goodhart, S.S. Sheiko, Polymer 2004, 45, 8173. 
13 M. Schappacher, A. Deffieux, Macromolecules 2000, 33, 7371. 
14 K. Yamada, M. Miyazaki, K. Ohno, T. Fukuda, M. Minoda, Macromolecules 1999, 32, 290. 
15 A. Subbotin, M. Saariaho, O. Ikkala, G. ten Brinke, Macromolecules 2000, 33, 3447. 
16 G.H. Fredrickson, Macromolecules 1993, 26, 2825. 
17 (a) Y. Tsukahara, K. Mizuno, A. Segawa, Y. Yamashita, Macromolecules 1989, 22, 1546. 
(b) Y. Tsukahara, K. Tsutsumi, Y. Yamashita, S. Shimada, Macromolecules 1990, 23, 5201. 
18 (a) K. Ito, K. Tanaka, H. Tanaka, G. Imai, S. Kawaguchi, S. Itsuno, Macromolecules 1991, 24, 2348. (b) 
E. Nomura, K. Ito, A. Kajiwara, M. Kamachi, Macromolecules 1997, 30, 2811. 
Chapter 3 
 123
 
19 (a) D. Pantazis, I. Chalari, N. Hadjichristidis, Macromolecules 2003, 36, 3783. (b) Y. Tsukahara, J. Inoue, 
Y. Ohta, S. Kohjiya, Y. Okamoto, Polym. J. 1994, 26, 1013. (c) P. Rempp, P. Lutz, P. Masson, P. 
Chaumont, E. Franta, Makromol. Chem. Suppl. 1985, 13, 47. 
20 S. Kanaoka, M. Sueoka, M. Sawamoto, T. Higashimura, J. Polym. Sci. Part A: Polym. Chem. 1993, 31, 
2513. 
21 R. Asami, M. Takaki, Y. Moriyama, Polym. Bull. 1986, 16, 125. 
22 (a) K. Nomura, S. Takahashi, Y. Imanishi, Macromolecules 2001, 34, 4712. (b) W.J. Feast, V.C. Gibson, 
A.F. Johnson, E. Khosravi, M.A. Mohsin, Polymer 1994, 35, 3542. (c) V. Heroguez, S. Breunig, Y. Gnanou, 
M. Fontanille, Macromolecules 1996, 29, 4459. (d) V. Heroguez, Y. Gnanou, M. Fontanille, 
Macromolecules 1997, 30, 4791. 
23 S. Bywater, Prog. Polym. Sci. 1974, 4, 27. 
24 (a) M. Schappacher, C. Billaud, C. Paulo, A. Deffieux, Macromol. Chem. Phys. 1999, 200, 2377. (b) M. 
Schappacher, J. Bernard, A. Deffieux, Macromol. Chem. Phys. 2003, 204, 762. (c) P.F. Rempp, P.J. Lutz, 
Compr. Polym. Sci. 1989, 6, 403. (d) S. Bywater, Prog. Polym. Sci. 1974, 4, 27. (e) S.W. Ryu, A. Hirao, 
Macromolecules 2000, 33, 4765. (f) M. Takaki, R. Asami, Y. Kuwata, Macromolecules 1979, 12, 378. (g) 
M. Gauthier, M. Möller, Macromolecules 1991, 24, 4548. 
25 K.L. Beers, S.G. Gaynor, K. Matyjaszewski, S.S. Sheiko, M. Möller, Macromolecules 1998, 31, 9413. 
26 G. Cheng, A. Böker, M. Zhang, G. Krausch, A.H.E. Müller, Macromolecules 2001, 34, 6883. 
27 M. Zhang, T. Breiner, H. Mori, A.H.E. Müller, Polymer 2003, 44, 1449. 
28 (a) K.L. Beers, S.G. Gaynor, K. Matyjaszewski, S.S. Sheiko, M. Möller, Macromolecules 1998, 
31, 9413. (b) G. Cheng, A. Böker, M. Zhang, G. Krausch, A.H.E. Müller, Macromolecules 2001, 34, 6883. 
(c) H.G. Boerner, K.L. Beers, K. Matyjaszewski, S.S. Sheiko, M. Möller, Macromolecules 2001, 34, 4375. 
(d) M. Zhang, T. Breiner, H. Mori, A.H.E. Müller, Polymer 2003, 44, 1449. (e) S. Qin, H.G. Boerner, K. 
Matyjaszewski, S.S. Sheiko, Polym. Prepr. (Am. Chem. Soc. Div. Polym. Chem.) 2002, 43, 237. (f) H.G. 
Boerner, D. Duran, K. Matyjaszewski, M. da Silva, S.S. Sheiko, Macromolecules 2002, 35, 3387. (g) K. 
Ishizu, H. Kakinuma, J. Polym. Sci. Part A: Polym. Chem. 2005, 43, 63. (h) D. Neugebauer, K. 
Matyjaszewski, M. da Silva,S.S. Sheiko, Polym. Prepr. (Am. Chem. Soc. Div. Polym. Chem.) 2002, 43, 239. 
29 (a) K.L. Beers, S.G. Gaynor, K. Matyjaszewski, S.S. Sheiko, M. Möller, Macromolecules 1998, 31, 9413. 
(b) G. Cheng, A. Böker, M. Zhang, G. Krausch, A.H.E. Müller, Macromolecules 2001, 34, 6883. (c) H.G. 
Boerner, K.L. Beers, K. Matyjaszewski, S.S. Sheiko, M. Möller, Macromolecules 2001, 34, 4375. 
30 C. Li, N. Gunari, K. Fischer, A. Janshoff,  M. Schmidt, Angew. Chem. Int. Ed. 2004, 43, 1101. 
31 S. Muthukrishnan, M. Zhang, M. Burkhardt, M. Drechsler, H. Mori, A.H.E. Müller, Macromolecules 
2005; 38, 7926. 
32 M.W. Neiser, J. Okuda, M. Schmidt, Macromolecules 2003, 36, 5437. 
33 (a) G. Bercovic, V. Krongauz, V. Weiss, Chem. Rev. 2000, 100, 1741. (b) C. B. McArdle (Ed), Applied 
Photochromic Polymer Systems, Blackie, London, 1992 
34 G. Moad, J. Chiefari, Y. Chong, J. Krstina, R.T. Mayadunne, A. Postma, E. Rizzardo, S.H. Thang, Polym. 
Int. 2000, 49, 993. 
35 H. Shinoda, K. Matyjaszewski, Macromol. Rapid Commun. 2001, 22, 1176. 
36 G. Moad, J. Chiefari, Y. Chong, J. Krstina, R.T. Mayadunne, A. Postma, E. Rizzardo, S.H. Thang, Polym. 
Int. 2000, 49, 993. 
37 H. Shinoda, K. Matyjaszewski, Macromol. Rapid Commun. 2001, 22, 1176. 
38 S. Qin, H.G. Boerner, K. Matyjaszewski, S.S. Sheiko, Polym. Prepr. (Am. Chem. Soc. Div. Polym. Chem.) 
2002, 43, 237. 
39 G. Moad, J. Chiefari, Y. Chong, J. Krstina, R.T. Mayadunne, A. Postma, E. Rizzardo, S.H. Thang, Polym. 
Int. 2000, 49, 993. 
40 G. Moad, R.T.A. Mayadunne, E. Rizzardo, M. Skidmore, S. Thang, ACS Symp. Ser. 2003, 854, 520. 
41 (a) J.B. McLeary, F.M. Calitz, J.M. McKenzie, M.P. Tonge, R.D. Sanderson, B. Klumperman, 
Macromolecules 2005, 38, 3151. (b) Y. Liu, J. He, J. Xu, D. Fan, W. Tang, Y. Yang, Macromolecules 2005, 
38, 10332. (c) C. Barner-Kowollik, M.L. Coote, T.P. Davis, L. Radom, P. Vana, J. Polym. Sci., Part A: 
Polym. Chem. 2003, 41, 2828. (d) A.R. Wang, S. Zhu, Y. Kawak, A. Goto, T. Fukuda, M.J. Monteiro, J. 
Polym. Sci., Part A: Polym. Chem. 2003, 41, 2833.  
42 H. Lee, K. Matyjaszewski, S. Yu, S.S Sheiko, Macromolecules 2005, 38, 8264. 
43 A. Goto, T. Fukuda, Prog. Polym. Sci. 2004, 29, 329. 
44 H. Fischer, Chem. Rev. 2001, 101, 3581. 
45 N.C. Billingham, Molar Mass Measurement in Polymer Science 1977, Kogan Press Ltd. 
46 J.F. Rabek, Experimental Methods in Polymer Chemistry 1980, John Wiley and Sons, New York. 
47 (a) B. Reining, H. Keul, H. Höcker, Polymer 2002, 43, 3139. (b) based on own experience in the synthesis 
of P(HEMA) via ATRP. 
48 K. Ishizu, J. Satoh, A. Sogabe, J. Colloid Interface Sci. 2004, 274, 472. 
Chapter 3 
 124
 
49 Own experience and see also several publications of the synthesis of cylindrical polymer brushes. 
50 M. Piech, N. Bell, Macromolecules 2006, 39, 915. 
51 Y.S. Park, Y. Ito, Y. Imanishi, Macromolecules 1998, 18, 5462. 
52 S.S. Sheiko, S.A. Prokhorova, K.L. Beers, K. Matjyaszewski, I.I. Potemkin, A.R. Khokhlov, M. Möller, 
Macromolecules 2001, 34, 8354. 
53 M. Gerle, K. Fischer, S. Roos, A.H.E. Müller, M. Schmidt, S.S. Sheiko, S. Prokhorova, M. Möller, 
Macromolecules 1999, 32, 2629. 
______________________________Chapter 4 
 
Synthesis of antimicrobial polymers and hydrophilic polymers 
via the grafting onto approach 
 
 
4.1 Introduction 
 
Antimicrobial polymers are known since the late seventies of the last century.1 The 
advantage of polymers used as biocides is justified in the minimization of environmental 
problems due to the minor potential that microbes can become resistant and generally 
smaller toxicity compared to low molecular weight compounds. They can be used as 
coatings that are non-releasing and kill bacteria on contact2,3 or as water-soluble polymers 
that could be used as disinfectants. Acting like low molecular weight surfactants4 these 
polymers usually are amphiphilic due to their cell membrane disrupting. It has been 
discussed that long alkyl chains are able to penetrate bacterial cell membranes.2 On the 
other hand the negatively charged bacterial cell membrane plays an important role since 
quaternary ammonium salts are known to have antimicrobial activity.5 The ammonium 
ions are electrostatically bond to the cell wall and the interaction with the cell wall 
penetrating alkyl chains causes leakage of cytoplasmic contents and finally cell death. A 
number of antimicrobial polymers have been discussed, including poly(vinyl pyridine)s,2 
poly(vinyl alcohol)s,6 poly(acrylate)s,7 poly(styrene)s8 and poly(oxazoline)s9 with 
amphiphilic structures.  
This chapter describes the synthesis of different linear copolymers that are decorated with 
dodecyl groups and quaternary ammonium groups. In the first step polymers with 
hydroxyl groups are reacted with phenyl chloroformate to introduce a 
phenoxycarbonyloxy group. The resulting poly(2-(phenoxycarbonyloxy)ethyl 
methacrylate) (P(PCEMA) (1)) can be grafted with, i.e., functional amines having long 
alkyl chains or quaternary ammonium groups. Some polymethacrylate model compounds 
have been synthesized (Scheme 1) and two water-soluble polymers were tested on 
antimicrobial effects using the Gram-negative Escherichia coli and the Gram-positive 
Bacillus subtilis. 
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Scheme 1: Synthesis of antimicrobial polymers grafting different amines or amine mixtures on 
phenoxycarbonyloxy decorated polymers [P(PCEMA) (1)]. 
 
The second part of this chapter describes the reaction of P(PCEMA) (1) with Jeffamines 
to demonstrate the potential of the phenoxycarbonyloxy species (Scheme 2). The polymer 
product P(HEMA)-graft-Jeffamine 7 exhibits solubility in very polar solvents such as 
water and DMF. 
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Scheme 2: Synthetic route from P(PCEMA) (1) to P(HEMA)-graft-Jeffamine 7. 
 
 
4.2 Experimental  
 
Materials 
 
Poly(2-hydroxyethyl methacrylate) (P(HEMA), Aldrich, GPC(DMAc): Mn = 20800, 
Mw/Mn = 1.97), phenyl chloroformate (97 %, Fluka), 3-dimethylamino-1-propyl amine 
(>99 %, Aldrich), dodecane-1-amine (>99 %, Aldrich), methyl iodide (>99 %, Acros), 
acetone (>99 %, Fluka), dichloromethane (DCM, >99.5 %, Roth), chloroform (>99 %, 
Merck), methanol (99.5 %, Merck) and pentane (techn. grade) were used as received. 
Dialysis was performed using a dialysis tubing (ZelluTrans V-series, Roth, MWCO 5000, 
30 mm width, regenerated cellulose) against water. The Jeffamine® M-1000 XTJ-506 was 
purchased from Huntsman Holland BV (total amount of amines: 99 %, Mn,theor. = 1100). 
Reactions were performed in round bottom flasks or Schlenk tubes equipped with septa in 
inert gas atmosphere of argon (Westfalen AG, 4.6, dried over mole sieve (4 Å) and 
potassium on aluminium oxide).  
 
 
Methods 
 
1H-NMR and 13C-NMR spectra were recorded on a Bruker DPX-300 FT-NMR 
spectrometer at 300 MHz and 75 MHz. Deuterated solvents were used and 
tetramethylsilane (TMS) served as the internal standard.  
Differential scanning calorimetry (DSC) was performed using a DSC 204 calorimeter 
from Netzsch. The samples were heated under nitrogen atmosphere at a rate of 10 K/min. 
Only the data from the second heating cycle have been used for the calculation of glass 
transition temperatures. Indium and tin were used for calibration. 
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All molecular weight values (Mn and Mw) were determined by gel permeation 
chromatography (GPC) using PMMA calibration (polymer standards from PL). GPC 
analyses were carried out in tetrahydrofuran (THF) or N,N-dimethylacetamide (DMAc) as 
the eluent. GPC analyses performed with THF as the eluent were carried out using a high 
pressure liquid chromatography pump (PL-LC 1120 HPLC) and both a refractive index 
detector (ERC-7515A) and a UV detector (ERC-7215, λ = 254 nm) at 35°C. The eluting 
solvent was THF with 250 mg/L 2,6-di-tert-butyl-4-methylphenol (Aldrich) and a flow 
rate of 1.0 mL/min. Four columns with MZ-DVB gel were applied: length of each column 
300 mm, diameter 8 mm, diameter of the gel particles 5 μm, nominal pore widths 50, 100, 
1000, 10 000 Å.  
GPC analyses using DMAc as the eluting solvent were carried out using a high-
temperature GPC device at 80°C (Polymer Laboratories PL-GPC210 with a Bischoff 
HPLC contact pump) and a refractive index detector (Polymer Laboratories). The eluting 
solvent was used with 2.44 g/L LiCl and a flow rate of 0.8 mL/min. Four columns with 
MZ-DVB gel were applied: length of each column 300 mm, diameter 8 mm, diameter of 
gel particles 5 μm, nominal pore width 100, 100, 1000, 10 000 Å. For peak 
deconvolution, peak fitting software (hs NTeqGPC V 6.2.12, Hard- und Software mbH, 
Dr. W. Schupp) was used. Advancing contact angle measurements were performed using 
the sessile drop method with a G40 contact angle measuring instrument (Krüss). The 
temperature was maintained at ±0.1 °C by means of a digital thermostat. With double 
distilled water as wetting liquid, five droplets were applied to each substrate. The error 
margin was estimated from variance of the set angles. 
 
 
Test system for the antimicrobial effect of polymers 
 
Cationic water soluble polymers were tested for antimicrobial activity using a new 
2-stage test system, which was designed at our institute:  
In the first step bacterial cultures (Gram-negative Escherichia coli [DSMZ 498] 6x108 
colony forming units per mL (CFU)/mL) are exposed 24 h at 30 °C in phosphate buffered 
saline (PBS, 0.1 M buffer from sodium dihydrogenphosphate-monohydrate and di-sodium 
hydrogen phosphate-dihydrate, pH 6.5 with 0,9 % NaCl) to different concentrations of 
polymer and thereafter an aliquot* is transferred to nutrient solution (0.3 % meat extract 
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and 0.5 % peptone (casein) in dist. water at pH 7) to monitor proliferation potency of the 
exposed micro-organisms. [*the microbial count averages at growth test depending on 
dilution: 6x107 CFU/mL (1 : 10); 3x107 CFU/mL (1 : 20); 1,5x107 CFU/mL (1:40); 3x106 
CFU/mL (1 : 200)] 
In the second step the proliferation in nutrient solution was monitored measuring the 
optical density at 612 nm using a microtiterplate incubator / -reader (Genios Pro, Tecan) 
every 30 min over a period up to 24 h. 
 
By using another test, the pure growth of bacteria in nutrient solution together with 
different polymer concentrations was monitored: 
Bacterial cultures (Gram-negative Escherichia coli [DSMZ 498] 3x108 CFU/mL or 
Gram-positive Bacillus subtilis [DSMZ 347] 0.8x108 CFU/mL) were transferred to 
different polymer concentrations in sterile nutrient solution at 37 °C. The growth was 
monitored measuring the optical density at 612 nm using a microtiterplate incubator / 
-reader (Genios Pro, Tecan) every 30 min over a period of 20 h. (information: minimal 
inhibitory concentration (MIC) of the polymer). 
The MIC is the concentration of the biocide at which 99.99 % (= log4 reduction) of the 
bacteria are inhibited in growth. 
In all cases tests have been conducted three times and mean values were calculated. For 
optical density measurements the polymer in nutrient solution served as reference (=ref) 
and was subtracted from the measured optical density values. 
 
 
4.2.1 Synthesis of poly[2-(phenoxycarbonyloxy)ethyl methacrylate] 
P(PCEMA) (1)  
 
P(HEMA) (3.743 g, 28.77 mmol -OH groups) was dissolved in a mixture of pyridine (10 
mL) and dichloromethane (5 mL). After cooling to 0 °C, phenyl chloroformate (3.62 mL, 
86.3 mmol) dissolved in dichloromethane (5 mL) was added slowly under vigorous 
stirring. The suspension was stirred 48 h at RT. The reaction mixture was filtrated, 
reduced to 1-2 mL and the orange residue was dissolved in chloroform (ca. 20mL). After 
washing the chloroform phase with water (2 x ca. 20 mL), the organic solution was 
reduced to 1-2 mL and precipitated into methanol (ca. 200 mL) and into pentane twice. 
The pale orange precipitate 1 was filtered off and dried under vacuum at RT.  
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Yield: 75 %; conversion (1H-NMR): 100 %, Mn (THF-GPC) = 17200; Mw/Mn = 2.29; Tg 
= 47.4 °C, 1H-NMR (CDCl3): δ = 0.92-1.29 (br, 3H, H-2), 1.65-2.17 (br, 2H, H-1), 4.17 
(br, 2H, H-6), 4.28 (br, 2H, H-5), 7.10-7.28 (br, 3H, H-9, H-9', H-11), 7.29-7.46 (br, 2H, 
H-10, H-10') ppm. 13C-NMR (CDCl3): δ = 44.8 (C-3), 62.3 (C-5), 65.7 (C-6), 121.1 (C-9 
+ C-9'), 126.2 (C-11), 129.6 (C-10 + C-10'), 151.0 (C-7), 153.5 (C-8), 176.9 (C-4) ppm. 
 
 
4.2.2 General procedure for the polymer analogous reaction of amines with 
P(PCEMA) (1) 
 
In a Schlenk tube P(PCEMA) (1) was dissolved in dichloromethane. The amine (mixture 
of amines) was (were) added to the polymer solution. The reaction vessel was stirred 4 d 
at RT: 
 
Table 1: Overview of the reaction conditions of polymer analogous reaction of P(PCEMA) (1) with 
amines: 
reaction- 
product 
P(PCEMA) 
 mg  
mmol 
3-dimethylamino-1-
propyl amine (A) 
mg / mmol 
dodecane-1-amine (B) 
mg 
mmol 
CH2Cl2 
mL 
amine ratio 
A : B (%) 
2 
200 
0.80 
− 
163 
0.88 
4.0 0 : 100 
3 
800 
3.20 
86 
0.84 
467 
2.52 
5.0 25 : 75 
4 
800 
3.20 
172 
1.68 
311 
1.68 
5.0 50 : 50 
5 
800 
3.20 
258 
2.52 
156 
0.84 
5.0 75 : 25 
6 
150 
0.60 
64 
0.63 
− 2.5 100 : 0 
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Work-up procedure: 
The reaction mixture with polymer 2 was diluted with chloroform (to 15 mL) and washed 
with NaOHaq (5 %, 15 mL) to remove phenol. The solvent was removed in vacuum and 
the brownish high viscous polymer 2 was dried in vacuum at 60 °C.  
O O
O
1 2
5 6
O
H
N
3
4
7
8
9
10
11
12
13
14
15
16
17
18
19
20
2  
Yield: 98 %; conversion (1H-NMR): 100 %, Mn (THF-GPC) = 60900; Mw/Mn = 1.47; Tg 
= 6.3 °C, 1H-NMR (CDCl3): δ = 0.84-1.08 (br, 6H, H-2 + H-20), 1.20-1.35 (br, 18H, 
H-11 – H-19), 1.51 (br, 2H, H-10), 1.71-2.10 (br, 2H, H-1), 3.15 (br, 2H, H-9), 4.09+4.27 
(br, 4H, H-5 + H-6) ppm. 13C-NMR (CDCl3): δ = 14.1 (C20), 22.7 (C19), 26.9 (C11), 
29.7 (C10, C12-C17), 31.9 (C18), 41.2 (C9), 156.2 (C7) ppm. 
 
3-6 were quaternized with methyl iodide and treated equally:  
 
 
General procedure for the polymer analogous quaternization of 
dimethylamino groups: from polymer 3-6 to 3q-6q 
 
The solvent was removed and the residue was dissolved in acetone (5 mL). An excess 
methyl iodide (2 mL) was added slowly under vigorous stirring at RT and some min later 
the reaction mixture became cloudy (except reaction mixture 3: still clear solution). After 
2 h the solvent was evaporated and the residue was dissolved in water (5 mL). The clear 
solution (except polymer 3q: suspension) was transferred to dialysis tubing and dialysed 
for 24 h at RT against water (300 mL) to remove phenol. The polymer solution then was 
lyophilized (except 3q: water was evaporated and polymer was dissolved in chloroform, 
then polymer 3q was dried in vacuum at 60 °C) to yield the polymer 4q-6q as pale yellow 
powder.  
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3q: [ ]1x [ ]3y, Yield: 94 %; conversion (1H-NMR): 100 %, ratio x : y (due to comparison 
of signal Int.L+L'+L''+k+i : Int.10 in 1H-NMR) = 27 : 73; Mn (THF-GPC) = 13600; Mw/Mn = 
1.26, weak signal; Tg = 71.4 °C, 1H-NMR (CDCl3): δ = (i) [ ]y repeating units: 0.80-1.12 
(br, 6H, H-2 + H-20), 1.20-1.38 (br, 18H, H-11 - H-19), 1.50 (br, 2H, H-10), 1.68-2.06 
(br, 2H, H-1), 3.14 (br, 2H, H-9), 4.12+4.27 (br, 4H, H-5 + H-6), (ii) [ ]x repeating units: 
0.80-1.12 (br, 3H, H-b), 1.68-2.06 (br, 2H, H-a), 2.15 (br, 2H, H-j), 3.26-3.65 (br, 11H, 
H-L, H-L', H-L'', H-k), 3.77 (br, 2H, H-i), 4.12+4.27 (br, 4H, H-e + H-f) ppm. 13C-NMR 
(CDCl3): δ = 14.1 (C20), 22.7 (C19), 26.9, 29.7, 31.9, 41.2, 44.7, 53.9 (CL, CL', CL''), 
156.2 (Cg) ppm. Contact angle (Si-wafer, area = 1 cm2, + 0.1 mL 2 wt % polymer 
solution in CH2Cl2, solvent was evaporated): 90 °; same polymer film was annealed 15 
min at 80 °C: 101 °. 
 
 
4q: [ ]1x [ ]1y, Yield: 97 %; conversion (1H-NMR): 100 %, ratio x : y (due to comparison 
of signal Int.L+L'+L''+k+i : Int.10-19 in 1H-NMR) = 44 : 56; no GPC data due to poor solubility 
in THF and DMAc; Tg = 93.2 °C, 1H-NMR (CDCl3): δ = (i) [ ]y repeating units: 0.83-0.93 
(br, 3H, H-20), 1.15-1.65 (br, 20H, H-10 - H-19), 3.17 (br, 2H, H-9), (ii) [ ]x repeating 
units: 3.23-4.00 (br, 13H, H-L, H-L', H-L'', H-k, H-i) ppm. 13C-NMR (CDCl3): δ = 14.2 
(C20), 22.7 (C19), 29.4, 29.7, 31.9, 53.9 (strong signal, CL, CL', CL'') ppm. 
 
 
5q: [ ]3x [ ]1y, Yield: 97 %; conversion (1H-NMR): 100 %, ratio x : y (due to comparison 
of signal Int.i : Int.10-19 in 1H-NMR) = 77 : 23; no GPC data due to insolubility in THF and 
DMAc; Tg = 105.8 °C, 1H-NMR (D2O): δ = (i) [ ]y repeating units: 0.62-1.12 (br, 3H, 
H-20), 1.14-1.66 (br, 20H, H-10 - H-19), 3.79-4.48 (br, 4H, H-5 + H-6), (ii) [ ]x repeating 
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units: 2.00 (br, 2H, H-j), 3.02-3.32 (br, 11H, H-L, H-L', H-L'', H-k), 3.33-3.50 (br, 2H, 
H-i), 3.79-4.48 (br, 4H, H-e + H-f) ppm. 13C-NMR (D2O): δ = 14.4 (C20), 23.4, 29.8, 
29.9, 32.0, 37.5, 44.6, 50.1, 53.3 (strong signal, CL, CL', CL''), 64.2, 157.5 (Cg) ppm. 
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6q: Yield: 98 %; conversion (1H-NMR): 100 %, no GPC data due to insolubility in THF 
and DMAc; Tg = 127.9 °C, 1H-NMR (D2O): δ = 0.69-1.39 (br, 3H, H-2), 1.82-2.33 (br, 
4H, H-1 + H-10), 3.06-3.41 (br, 11H, H-11, H-12, H-12', H-12''), 3.50 (br, 2H, H-9), 
4.09-4.61 (br, 4H, H-5, H-6) ppm. 13C-NMR (D2O): δ = 23.4, 37.6, 45.0, 50.0, 53.3 
(strong signal, C12, C12', C12''), 62.8, 64.3, 157.7 (C7) ppm. 
 
 
4.2.3 Polymer analogous reaction (grafting onto) of Jeffamine with 
P(PCEMA) (1) 
 
In a NMR tube P(PCEMA) (1) (15 mg, 0.06 mmol functional groups; Mn = 17200, 
Mw/Mn = 2.29) and Jeffamine (77 mg, 0.07 mmol; Mn = 1000 g/mol) were dissolved in 
deuterated dimethyl formamide (0.6 mL). The sample was instantly measured via 
1H-NMR (t0). Then, the sample was placed in a thermostated oil bath at 80 °C for 50 h (t1) 
and 115 h (t2) followed by 1H-NMR analysis to determine the conversion (comparison of 
phenyl group at 7.34 and 7.52 ppm with phenol at 6.83 and 7.19 ppm). Conversion 
(1H-NMR) after 50 h = 67 %, after 115 h = 82 %. GPC (THF): Mn = 1500 (Jeffamine), 
3700 (impurity from Jeffamine), 20400 (grafted polymer product 7), Mw/Mn (7) = 1.14. 
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4.3 Results and discussion 
 
4.3.1 Synthesis of poly[2-(phenoxycarbonyloxy)ethyl methacrylate] 
P(PCEMA), polymer analogous reaction of amines with P(PCEMA) and 
quaternization of dimethylamino groups 
 
Well controlled introduction of functional groups provides polymers with customized 
properties.10,11 Recently atom transfer radical polymerization (ATRP) of 
2-(phenoxycarbonyloxy)ethyl methacrylate (PCEMA), that has been synthesized from 
phenyl chloroformate and 2-hydroxyethyl methacrylate (HEMA),12 was performed 
successfully.13 This class of reactive functional polymers allows quantitative grafting 
reactions with amines since phenoxycarbonyloxy groups are known to react rapid with 
nucleophiles without side reactions (Scheme 3). Only phenolate formation as stable 
leaving group occurs (the alcoholate is unstable).14 
R
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O Nu R
O O
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O
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R
O OO
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Scheme 3: Reaction of the phenoxycarbonyloxy group with a nucleophile (Nu–). 
 
Transformation of P(HEMA) to P(PCEMA) (1) is performed with phenyl chloroformate 
(Scheme 1). The reaction was carried out using a solvent mixture of chloroform and 
pyridine to trap HCl formed during the reaction and to dissolve the very polar P(HEMA). 
The reaction was conducted at 0 °C to quantitative conversion which was approved via 
1H-NMR spectroscopy by integral comparison of the phenyl protons with the ethylene 
protons of the repeating units (Figure 1). The reduced temperature avoids crosslinking 
due to transesterification.15 
Five different grafted polymers using P(PCEMA) backbones were synthesized with two 
different amines, namely 3-dimethylamino-1-propyl-amine and dodecane-1-amine. In 
each case 1.1 equivalents of amine or of amine mixtures (1 : 3, 1 : 1, 1 : 3) with respect to 
the phenoxycarbonyloxy groups were added to P(PCEMA) which has been dissolved in 
dichloromethane. After a long reaction time under mild conditions (RT, 4 d) 1H-NMR 
spectroscopy proved the quantitative conversion due to the distinct shift of the aromatic 
phenyl to phenol peaks.  
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The hydrophobic grafted polymer with dodecane side chains, which was dissolved in 
dichloromethane, was purified from phenol by means of washing with NaOHaq and 
vacuum drying (1H-NMR: Figure 1). The hetero grafted polymers with dodecane and 
dimethylamino propyl side chain and the homo grafted one with only dimethylamino 
propyl side chains were treated with a big excess of methyl iodide in acetone to convert 
the dimethylamino groups to quaternized amines (Scheme 1). The polymers have been 
purified from phenol afterwards by dialysis in water since the polymers with quaternized 
amine groups are water soluble (except 3q, a polymer suspension was dialysed). 1H-NMR 
spectra of the grafted polymers after lyophilization show that the products are pure and 
quantitatively quaternized (Figures 1+2). A strong signal at 53 ppm appeared in 13C-NMR 
spectroscopy that is characteristic for the -N(CH3)3+ groups. 
All polymers were analyzed via GPC and DSC. The polymer solubility in water and 
dichloromethane was tested. Table 2 summarizes the results:  
 
 
Figure 1: 1H-NMR spectrum of (from the top) P(PCEMA) (1), the dodecane decorated polymer 2 
in CDCl3 and the quaternized amine decorated polymer 6q in D2O (G = grease). 
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Figure 2: 1H-NMR spectrum of different with amine mixtures decorated polymers (from the top) 
3q, 4q in CDCl3 and 5q in D2O.  
 
Table 2: Analytical data and solubility of the synthesized polymers in water and CH2Cl2: 
polymer 
ratio of cationic to 
hydrophobic groups 
(NMR) 
nru (M1/M2) 
(NMR) 
Tg / °C 
(DSC) 
solubility in 
H2O 
solubility in 
CH2Cl2 
app. 
Mn (GPC)
[Mw/Mn] 
2 0 : 100 − / 160 6.3 − + 
60900 
[1.47] 
3q 27 : 73 43 / 117 71.4 − + 
13600 
[1.26] 
4q 44 : 56 70 /90 93.2 + + nd 
5q 77 : 23 123 / 37 105.8 + − nd 
6q 100 : 0 160 / − 127.9 + − nd 
Starting polymer P(HEMA): Mn (GPC) = 20800; Mw/Mn = 1.97 (due to free radical polymerization); 
nru = 160 
P(PCEMA): Mn (GPC) = 17200; Mw/Mn = 2.29; nru = 160; Tg = 47.4 °C; nd due to poor solubility in THF or 
DMAc. 
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The glass transition temperatures (Tg) of the synthesized graft polymers are plotted vs. 
percentage ratio of cationic groups (Figure 3). The Tg increases with increasing 
concentration of quaternized amine groups and decreases with increasing concentration of 
dodecane groups since ionic forces excite strong interactions, which leads to limited chain 
mobility. The low Tg of polymer 2 compared to P(PCEMA) indicates a rather high 
mobility of the dodecane chains. Melting temperatures (Tm) and side chain crystallization 
have not been observed. 
 
Figure 3: Tg vs. ratio of cationic to hydrophobic groups (P(PCEMA) and polymers 2, 3q, 4q, 5q 
and 6q). 
 
 
4.3.2 Test system for the antimicrobial effect of water-soluble polymers 
 
Amphiphilic polymers with quaternary ammonium groups are known to have 
antimicrobial activity.2,6-9 Thus two water-soluble amphiphilic graft polymers (Table 3) 
were tested on antimicrobial effects, namely polymer 4q (ratio of cationic to hydrophobic 
groups = 44 : 56) and polymer 5q (ratio = 77 : 23). These polymers were tested for 
antimicrobial activity using a 2-stage test system (Figure 4).  
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Figure 4: Setup of 2-stage test for the antimicrobial effect of water-soluble polymers. 
 
In the first step Gram-negative bacteria (Escherichia coli) were exposed to different 
polymer concentrations and thereafter an aliquot was transferred to nutrient solution to 
monitor proliferation potential of the exposed microorganisms.  
In the second step the proliferation in nutrient solution was monitored measuring the 
optical density to proof, if polymers had bacteriostatic or bactericidal effect (Figure 5).  
 
 
 
 
 
 
 
 
 
Figure 5: Normal bacteria growth (1) and bacteriostatic (2) or bactericidal (3) influence on bacteria 
growth. 
 
Using another test system, the pure growth of bacteria in nutrient solution with different 
polymer concentrations was monitored (related to second step that has been described 
before): Gram-negative bacteria (Escherichia coli) or Gram-positive bacteria (Bacillus 
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subtilis) were transferred in different polymer concentrations to sterile nutrition solution. 
The growth was monitored, measuring the optical density again. With this setup the 
minimal inhibitory concentration (MIC, concentration of the biocide at which 99.99 % of 
the bacteria are inhibited in growth) of the polymer has been detected.  
 
 
Antibacterial efficacy  
 
The antimicrobial activities of the amphiphilic polymers 4q and 5q were tested by 
determining the minimal inhibitory concentration (MIC) against Gram-positive Bacillus 
subtilis and Gram-negative Escherichia coli (Figures 6-9 and Table 3). The results show 
on the one hand that both polymers are more effective against the Gram-positive bacteria 
since they showed the lowest MIC values. On the other hand the antimicrobial effect of 
the cationic groups seems to be more important than the efficacy of the non-polar 
dodecane chains. Thus polymer 5q with a high concentration of quaternary ammonium 
groups shows best results (MIC = 0.9 nmol/mL = 0.9 μmol/L against Bacillus subtilis and 
MIC = 3.2 μmol/L against Escherichia coli). The antimicrobial activity of the polymers 
against the tested microbes is relatively high compared to the low molecular weight 
reference compound dodecyltrimethylammonium chloride (DTAC), which is structurally 
comparable (MIC = 20 μmol/L against Gram-positive S. aureus, MIC = 110 μmol/L 
against the Gram-positive Escherichia coli).9 
In all cases the buffer solution (PBS) was used as control and showed no antimicrobial 
activity proving that the polymers itself are bioactive.  
 
Table 3: Minimal inhibition concentrations (MIC) of polymers 4q and 5q: 
polymer 
ratio of cationic 
to hydrophobic 
groups 
repeating 
units with 
cationic 
groups 
repeating 
units with 
hydrophobic 
groups 
MIC 
(B. subtilis) 
MIC 
(E. coli) 
4q 44 : 56 70 90 0.4 mg/mL 6.7 nmol/mL 
> 1 mg/mL 
< 5 mg/mL 
 
> 16.8 nmol/mL 
< 84.3 nmol/mL
5q 77 : 23 123 37 0.06 mg/mL 0.9 nmol/mL 
0.2 mg/mL 
3.2 nmol/mL 
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Figures 6-9 reveal the minimal inhibition concentrations (MIC) summarized in Table 3. 
Here the bacteria growth is shown which is related an increase of the optical density (OD) 
against time. According to Figure 5, in all cases polymers are bactericidal (no bacteria 
growth) at a specific polymer concentration, which is the MIC. 
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Figure 6: Growth of E. coli in presence of different concentrations of polymer 4q (optical density 
vs. time). 
 
The negative values in case of 0.500 wt % polymer (Figure 6) in solution may be 
explained with cloudiness of the reference (ref, polymer in nutrient solution), which was 
subtracted from the measured optical density values. 
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Figure 7: Growth of B. sub in presence of different concentrations of polymer 4q (optical density 
vs. time). 
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Figure 8: Growth of E. coli in presence of different concentrations of polymer 5q (optical density 
vs. time). 
 
In Figure 9 bacteria growth after ca. 11 h was monitored (0.004 and 0.005 %). This shows 
that polymers may be bacteriostatic but also bactericidal if more concentrated solution 
(0.006 % = MIC) is used. 
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Figure 9: Growth of B. sub in presence of different concentrations of polymer 5q (optical density 
vs. time). 
 
Figures 10 and 11 show the proliferation in nutrient solution after exposure of Gram-
negative Escherichia coli with both polymers. Again, polymer 5q with a high 
concentration of cationic groups shows better results due to bactericidal behaviour within 
the time monitored (if 0.50 wt % of polymer in solution is used), there is no bacterial 
growth anymore. Polymer 4q was tested using the same conditions. Here after short delay 
bacteria start growing again. This indicates bacteriostatic behaviour (Figure 5) of the 
polymer which, of course, also was observed if less concentrated solution of polymer 5q 
was tested. It is known that antibacterial agents can be bacteriostatic at low 
concentrations, but bactericidal at higher concentrations.16 
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Figure 10: Proliferation of E. coli after exposure to polymer 5q (dilution 1 : 10 from exposure to 
growth step, during exposure 0.1-0.5 %, during growth 0.01-0.05 % of the polymer in solution; 
optical density vs. time).  
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Figure 11: Proliferation of E. coli after exposure to polymer 4q (dilution 1 : 10 from exposure to 
growth step, during exposure 0.1-0.5 %, during growth 0.01-0.05 % of the polymer in solution; 
optical density vs. time). 
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The antimicrobial mechanism of the tested polymers is not clear so far, but those of 
similar polymers (polyoxazolines with N,N-dimethyldodecylammonium end groups) have 
been discussed in literature.9 Proposing a similar mechanism for the tested class of 
polymers the positively charged quaternary ammonium group probably acts by binding to 
the negatively charged cell wall (phospholipid membrane) and the non-polar alkyl chains 
probably bind into the non-polar domains of the membrane (Figure 12) which leads to 
disruption and causes leakage of cytoplasmic contents and finally cell death. The 
antimicrobial activity of the amphiphilic polymers was more effective against Gram-
positive bacteria, which have indeed a thicker peptidoglycan layer compared to Gram-
negative bacteria, but only one negatively charged plasma-membrane that has to be 
disrupted. Gram-negative bacteria (Figure 13) do have an inner negatively charged 
plasma-membrane surrounded by a thin layer of peptidoglycan, and an outer negatively 
charged lipopolysaccharide and lipoprotein membrane.17 Reasons for different efficacies 
can not be discussed here since few experiments have been conducted so far. However, 
the mechanism how quaternary ammonium compounds act at the phospholipid membrane 
of bacteria is still under discussion.18 But in the case of Gram-negative bacteria, the 
ammonium group has to act both with the outer layer and the inner membran. It is not yet 
clear how Gram-positive bacteria’s inner negatively charged membrane can be attacked, 
since the biocidal group must diffuse through the peptidoglycan layer first. 
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Figure 12: Schematic illustration of proposed mechanism of antimicrobial amphiphilic polymers 
disrupting the Gram-positive bacteria cell wall (note that the scale of polymer is magnified 
compared to cell membrane for illustration). 
 
 
plasma
membrane
peptidoglycan
peptidoglycan
lipopolysaccharide and protein
plasma
membrane
 
Figure 13: Schematic illustration of the difference between Gram-positive (left) and Gram-negative 
(right) bacteria. 
 
 
4.3.3 Grafting Jeffamines onto poly[2-(phenoxycarbonyloxy)ethyl 
methacrylate] 
 
Regular comblike polymers exhibit the structure of cylindrical brushes if the side chains 
are densely grafted. This is the case if every monomer unit of the main chain on the one 
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hand carries one side chain, and on the other hand the main chain is longer than the side 
chains. In the past, three different routes gained much interest,19 the "grafting from",20-23 
"grafting through"24,25 and "grafting onto"26,27 approach. Each method has typical 
advantages and disadvantages, which have been discussed in literature28 (see also 
chapter 3). However, the grafting onto technique29,30 allows the use of well-defined main 
chain and side chains but has often suffered from insufficient grafting efficiency. But if 
backbone and side chains with low degrees of polymerization are used in combination 
with high reactive functional groups, the "grafting onto" approach may allow quantitative 
conversion. 
Since P(PCEMA) was proven to react quantitatively with low molecular weight amines to 
grafted polymers (see this chapter, synthesis of antimicrobial polymers) the reaction of 
P(PCEMA) with Jeffamines was tested to demonstrate the potential of the 
phenoxycarbonyloxy species. Jeffamines are polyoxyalkylene amines, which contain 
primary amino groups attached to the terminus of a polyether backbone. They are widely 
used in i.e. ink and pigment applications, epoxy resins and polyurea technology,31 since 
they undergo typical amine reactions. Poly(2-(phenoxycarbonyloxy)ethyl methacrylate 
P(PCEMA) (1) was reacted with a slight excess of Jeffamine at 80 °C. This polymer 
analogous grafting reaction (Scheme 2) was carried out using deuterated dimethyl 
formamide as solvent to determine conversions directly using 1H-NMR spectroscopy. 
Figure 14 shows the initial 1H-NMR spectrum, after 50 h (t1) and after 115 h (t2) reaction 
time. The formation of phenol was observed during the reaction showing conversions of 
67 % (t1) and 82 % (t2). Attempts to carry out the same reaction in chloroform gave 40 % 
conversion after 117 h at 60 °C only. Obviously the grafting density is limited by kinetic 
reasons since the reactivity of the active sites decreases with increasing sterical hindrance. 
On the other hand it is limited by thermodynamic reasons since the main chain must 
change from random coil conformation to a stretched rodlike conformation, which is 
entropically disadvantaged. Thus P(PCEMA) can be grafted quantitatively best using 
small molecular weight amines (see this chapter: synthesis of antimicrobial polymers). 
The pre-polymers and the reaction mixture were also analyzed via GPC in THF (Figure 
15). It must be noted that the molecular weight distribution of P(PCEMA) was broad 
(Mw/Mn = 2.29) and decreased dramatically during the formation of the grafted polymer 
product P(HEMA)-graft-Jeffamine 7 (Mw/Mn = 1.14). This is a typical effect due to the 
synthesis of compact structures. Molecular weights from GPC analysis are just apparent 
ones since the hydrodynamic volume of comb polymers due to compact structure is 
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significant lower compared to the linear P(PCEMA) pre-polymer or linear PMMA 
standards. This explains the apparently small-scale increase in molecular weight from 
P(PCEMA) to the comb polymer (Mn: 17200 → 20400). Since the number of repeating 
units of P(PCEMA) is known to be nru = 160, the theoretical molecular weight of the 
grafted polymer with 82 % Jeffamine conversion is Mn,theo ≈ 152000. 
Recently the synthesis of densely grafted poly(ethylene oxide) (PEO) brushes has been 
published using macromonomers containing ethylene oxide segments capped by a 
methacrylate group (PEOMA) via the "grafting through approach".20 Since this 
P(PEOMA) is very similar to P(HEMA)-graft-Jeffamine 7, the analytical results from 
GPC may be compared. The authors present a comb polymer with a number of repeating 
units of nru (backbone) = 124 that has been polymerized using the "grafting through" 
approach from PEO-macromonomers with nru (PEO) = 23. A theoretical molecular 
weight of Mn = 136400 was calculated, but the measured molecular weight using THF as 
eluent and PMMA standards was Mn, app = 33200 observing large differences, as well. 
 
Figure 14: 1H-NMR spectrum of (from the top) t0-t2 showing the conversion with Jeffamine in 
dependence of reaction time in DMF-d6 (reaction conducted at 80 °C, t1 = 50h, t2 = 115h). 
0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.0
O
O
O
OO
1
2
3 4 5
5´
6
6´
7
H
N
O
O
OO
1
2
3 4
O O
O
2 19a´
b´ c´ c
a
d
e f
c
HO
x
x´
y
y´
z
TMS
* **  6,6´ 
5,5´,7 
3 4   2 
 a a´ 
d,e f
  c´
c
 b´
y,y´ x,x´,z 
(ppm)
t0 
t1 
t2 
Chapter 4 
 148
 
 
 
 
 
 
 
 
 
 
 
Figure 15: GPC eluogram of P(PCEMA) (1) and the grafted polymer product P(HEMA)-graft-
Jeffamine 7 in THF. 
 
 
4.4 Conclusion 
 
This chapter presents the synthesis of poly(2-(phenoxycarbonyloxy)ethyl methacrylate 
P(PCEMA) from poly(2-hydroxyethyl methacrylate (PHEMA). P(PCEMA) was grafted 
with different concentrations of quaternary ammonium groups and long alkyl chains. 
Antibacterial activity of two water-soluble amphiphilic polymers has been evaluated 
showing especially high reactivity against Gram-positive Bacillus subtilis but also activity 
against Gram-negative Escherichia coli. The high potential of the presented synthesis of 
antimicrobial polymers is justified due to the versatility of the synthetic route since many 
polymers or surfaces with hydroxyl groups can be used to introduce biocidal groups and 
other functionalities. 
Furthermore the "grafting onto" approach of reactive Jeffamines with P(PCEMA) is 
presented. The synthesized hydrophilic P(HEMA)-graft-Jeffamine showed a grafting 
density of 82 %. The synthetic route also presents a powerful tool to achieve polymers 
with customized properties. Different polyamines may be grafted onto the reactive pre-
polymer P(PCEMA). Amphiphilic cylindrical polymer brushes such as Janus-type 
brushes32 may be synthesized. The limited grafting density in case of high molecular 
weight polyamine grafts can be used to introduce low molecular weight amines with i.e. 
new functionalities afterwards. 
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______________________________Chapter A 
 
Synthesis of protected hydroxyfunctional polyacrylates using 
mono- and bifunctional initiators 
 
 
A.1 Introduction 
 
The synthesis of well-defined polymers and copolymers with functional groups along the 
chain became more accessible with the development of atom transfer radical 
polymerization (ATRP)1 because of its tolerance to many functional monomers. In 
contrast to the ATRP, ionic polymerization very often does not allow the polymerization 
of monomers with hydroxyl groups due to the labile proton. Hydroxyl functional 
monomers such as 2-hydroxyethyl acrylate (HEA)2,3, and 2-hydroxyethyl methacrylate 
(HEMA)4,5 have been polymerized using ATRP. Due to the poor solubility of the P(HEA) 
and P(HEMA) in non-polar solvents, the monomers are often polymerized in their 
protected forms; the resulting polymers of HEMA-TMS4,6 or HEA-TMS3 are soluble in 
organic media, especially when used for the synthesis of block copolymers,4 gradient 
copolymers7,8 or statistical copolymers.9 However, both HEA and HEMA are 
commercially important monomers. Copolymers with HEA are useful as biomaterials and 
coatings.10 HEMA is widely used in the manufacture of intraocular lenses, contact 
lenses,11 drug delivery and hydrogels12 since these copolymers exhibit excellent 
biocompatibility and good blood compatibility.13 Due to the low glass transition 
temperature (Tg) of P(BA) it is industrially widely used for surface coatings, adhesives 
and sealants.14 The synthesis of well-defined copolymers using BA and HEA may give 
rise to new functional polymers for i.e. coating applications. 
This chapter describes the controlled synthesis of linear P(HEA-TMS-co-BA) under 
different ATRP conditions. Typical monofunctional ATRP initiators were used but also a 
new bifunctional initiator was successfully tested. 
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A.2 Experimental 
 
Materials 
 
Dichloromethane (DCM, >99.5 %, Roth), anisole (>99 %, Fluka), 2-bromoisobutyryl 
bromide (98 %, Aldrich), N,N,N',N'',N''-pentamethyldiethylene tetraamine (PMDETA, 
>98 %, Merck-Schuchardt), methyl 2-bromopropionate (MBP, >99.5 %, Fluka), ethyl 
2-bromoisobutyrate (EBrib, 98 %, Aldrich), ethylene diamine (99 %, Merck), diethyl 
ether (>99 %, Merck), 2-butanone (MEK, 99.5 %, Merck), anisole (>99 %, Fluka), 
dioxane (>99 %, Fluka) and acetone (>99 %, Fluka) were used as received. CuBr (98 %, 
Aldrich) was purified by washing with glacial acetic acid, followed by absolute ethanol 
and acetone, and then dried under vacuum. n-Butyl acrylate (BA, 99 %, Fluka) was 
distilled under reduced pressure before use. 2-(Trimethylsilyloxy)-ethyl acrylate (HEA-
TMS) was synthesized from 2-hydroxyethyl acrylate (96 %, Aldrich), 1,1,1,3,3,3-
hexamethyldisilazane (HDMS, 97 %, Aldrich) and chlorotrimethylsilan (TMSCl, >99 %, 
Fluka), the synthesis is described in chapter 2. 4,4'-Dinonyl-2,2'-dipyridyl (dinonylbpy, 97 
%, Aldrich) was dried in high vacuum at RT five days and kept under argon. Reactions 
were performed in round bottom flasks or Schlenk tubes equipped with septa in inert gas 
atmosphere of argon (Westfalen AG, 4.6, dried over mole sieve (4 Å) and potassium on 
aluminium oxide).  
 
 
Methods 
 
1H-NMR and 13C-NMR spectra were recorded on a Bruker DPX-300 FT-NMR 
spectrometer at 300 MHz and 75 MHz. Deuterated solvents were used and 
tetramethylsilane (TMS) served as the internal standard.  
All molecular weight values (Mn and Mw) were determined by gel permeation 
chromatography (GPC) using PMMA calibration (polymer standards from PL). GPC 
analyses performed with tetrahydrofuran (THF) as the eluent were carried out using a 
high pressure liquid chromatography pump (PL-LC 1120 HPLC) and both a refractive 
index detector (ERC-7515A) and a UV detector (ERC-7215, λ = 254 nm) at 35°C. The 
eluting solvent was THF with 250 mg/L 2,6-di-tert-butyl-4-methylphenol (Aldrich) and a 
flow rate of 1.0 mL/min. Four columns with MZ-DVB gel were applied: length of each 
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column 300 mm, diameter 8 mm, diameter of the gel particles 5 μm, nominal pore widths 
50, 100, 1000, 10 000 Å.  
For peak deconvolution, peak fitting software (hs NTeqGPC V 6.2.12, Hard- und 
Software mbH, Dr. W. Schupp) was used.  
 
 
A.2.1 Polymerization of BA with HEA-TMS via ATRP 
 
In a Schlenk flask deoxygenated HEA-TMS (539 mg, 2.863 mmol), BA (3303 mg, 
25.767 mmol), CuBr (58.7 mg, 0.409 mmol) and dinonylbpy (351 mg, 0.859 mmol) were 
dissolved in 4.00 mL MEK. The solution was degassed by three freeze-pump-thaw cycles 
and ethyl 2-bromoisobutyrate (60.04 μL, 0.409 mmol) was added. An initial sample was 
taken for 1H-NMR analysis and the flask was placed in a thermostated oil bath at 70 °C. 
Periodically samples were removed to determine the molecular weight by GPC and the 
conversion by 1H-NMR (comparison of -OTMS-signal at 0.13 ppm as internal standard 
with both allyl protons of HEA-TMS and BA (5.79-6.45 ppm); monomer ratios were 
calculated from the integral ratio of allyl proton of HEA-TMS at 6.46 ppm and allyl 
proton of BA at 6.43 ppm, Figure of 1H-NMR spectrum in chapter 2). 
After 7.2 h the reaction mixture was cooled with liquid nitrogen to stop the 
polymerization. Monomer conversion was 82 % of both BA and HEA-TMS, initial feed 
ratio BA : HEA-TMS was 9 : 1. [M] : [Ini] : [CuBr] : [dinonylbpy] was 70 : 1 : 1 : 2.1. Mn 
(THF-GPC) = 9800; Mw/Mn = 1.13. 
 
Table 1: Synthesis of P(BA-co-HEA-TMS) via ATRP: 
polymer 
t / 
min 
xp (NMR) 
total /  
% 
monomer ratio 
BA : 
HEA-TMS 
(NMR) 
Mn 
(THF-GPC) 
Mw/Mn 
(THF-GPC) 
1a 10 2.1 90 : 10 1100 1.05 
1b 20 7.0 90 : 10 1500 1.12 
1c 30 9.3 90 : 10 1700 1.15 
1d 45 12.8 89: 11 2100 1.16 
1e 60 16.8 90 : 10 2500 1.15 
1f 90 25.2 90 : 10 3400 1.13 
1g 120 33.0 90 : 10 4200 1.13 
1h 180 47.6 89 : 11 5900 1.13 
1i 360 77.0 89 : 11 9200 1.13 
1j 430 82.4 92 : 8 9800 1.13 
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Table 2: Synthesis of P(BA-co-HEA-TMS) via ATRP: 
polymer 
t / 
min 
nru 
(total) 
total ln 
[M]0/[M]
1a 10 8 0.021
1b 20 11 0.073
1c 30 13 0.098
1d 45 16 0.137
1e 60 19 0.184
1f 90 25 0.290
1g 120 31 0.400
1h 180 44 0.646
1i 360 69 1.470
1j 430 73 1.737
 
 
A.2.2 General procedure for the polymerization of BA with HEA-TMS via 
ATRP with variation of temperature and initiator 
 
In a Schlenk flask deoxygenated HEA-TMS (212 mg, 1.10 mmol), BA (1269 mg, 9.90 
mmol), CuBr (72 mg, 0.50 mmol) and PMDETA (87 mg, 0.50 mmol) were dissolved in 
1.50 mL BAc. The solution was degassed by three freeze-pump-thaw cycles and ethyl 
2-bromoisobutyrate (73.7 μL, 0.50 mmol) or methyl 2-bromopropionate (56.1 μL, 0.50 
mmol) was added. An initial sample was taken for 1H-NMR analysis and the flask was 
placed in a thermostated oil bath at 40 °C or 80 °C. Periodically samples were removed 
during the polymerization to determine molecular weight by GPC and 1H-NMR (by 
integral ratio of protons c,c' / 3,7,8 or b / 3,7,8) and conversion by 1H-NMR (comparison 
of -OTMS-signal at 0.13 ppm as internal standard with both allyl protons of HEA-TMS 
and BA (5.79-6.45 ppm); ratios of repeating units were calculated from 1H-NMR of 
vacuum dried polymer samples, therefore integrals of protons 8 of HEA-TMS at 3.75 
ppm and protons 3 of BA and 7 of HEA-TMS at 4.05 ppm were compared). Initial feed 
ratio BA : HEA-TMS was 9 : 1. [M] : [Ini] : [CuBr] : [PMDETA] was 22 : 1 : 1 : 1.  
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1H-NMR of polymer 3 (CDCl3): δ = (i) HEA-TMS repeating units: 0.13 (s, 9H, H-9), 
1.83-2.07 (br, 2H, H-1'), 2.20-2,45 (br, 1H, H-2'), 3.75 (br, 2H, H-8), 4.05 (br, 2H, H-7) 
(ii) BA repeating units: 0.94 (br, 3H, H-6), 1.37 (br, 2H, H-5), 1.60 (br, 2H, H-4), 1.83-
2.07 (br, 2H, H-1), 2.20-2,45 (br, 1H, H-2), 4.05 (br, 2H, H-3) (iii) end group: 1.13 (m, 
6H, H-c+H-c'), 1.24 (t, 3H, H-a) ppm. 
1H-NMR of polymer 5g (CDCl3): δ = (i) HEA-TMS repeating units: 0.13 (s, 9H, H-9), 
1.83-2.07 (br, 2H, H-1'), 2.20-2,45 (br, 1H, H-2'), 3.75 (br, 2H, H-8), 4.05 (br, 2H, H-7) 
(ii) BA repeating units: 0.94 (br, 3H, H-6), 1.37 (br, 2H, H-5), 1.60 (br, 2H, H-4), 1.83-
2.07 (br, 2H, H-1), 2.20-2.45 (br, 1H, H-2), 4.05 (br, 2H, H-3) (iii) end group: 1.14 (m, 
3H, H-b), 3.66 (s, 3H, H-a) ppm. 
 
Table 3: Synthesis of P(BA-co-HEA-TMS) via ATRP at 40 °C initiated by ethyl 
2-bromoisobutyrate: 
polymer t / min 
 ratio of 
repeating units 
BA :HEA-TMS 
total xp 
(NMR) /  
% 
Mn 
(NMR) 
Mn 
(THF-GPC) 
Mw/Mn 
(THF-GPC) 
2a 5 95 : 5 8 600 800 1.12 
2b 10 94 : 6 15 700 1000 1.10 
2c 20 91 : 9 27 1000 1300 1.13 
2d 40 90 : 10 39 1300 1900 1.12 
2e 60 90 : 10 53 1600 2300 1.10 
2f 120 90 : 10 69 1900 3100 1.10 
2g 180 90 : 10 81 2100 3700 1.10 
 
polymer 
t / 
min 
nru 
(total) 
total ln 
[M]0/[M]
2a 5 6 0.083 
2b 10 7 0.163 
2c 20 10 0.315 
2d 40 14 0.494 
2e 60 17 0.755 
2f 120 23 1.171 
2g 180 28 1.661 
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Table 4: Synthesis of P(BA-co-HEA-TMS) via ATRP at 80 °C initiated by ethyl 
2-bromoisobutyrate: 
polymer t / min 
ratio of 
repeating units 
BA :HEA-TMS 
total xp 
(NMR) /  
% 
Mn 
(NMR) 
Mn 
(THF-GPC) 
Mw/Mn 
(THF-GPC) 
3a 3 93 : 7 24 1000 1200 1.14 
3b 7 90 : 10 60 1800 2800 1.11 
3c 12 90 : 10 78 2200 3500 1.10 
3d 20 90 : 10 92 2400 4100 1.10 
3e 40 90 : 10 98 2500 4500 1.13 
3f 60 89 : 11 99 2500 4500 1.14 
3g 147 89 : 11 99 2500 4600 1.15 
 
polymer 
t / 
min 
nru 
(total) 
total ln 
[M]0/[M]
3a 3 9 0.274 
3b 7 21 0.916 
3c 12 26 1.514 
3d 20 31 2.526 
3e 40 33 3.912 
3f 60 34 4.605 
3g 147 34 4.605 
 
Table 5: Synthesis of P(BA-co-HEA-TMS) via ATRP at 40 °C initiated by methyl 
2-bromopropionate: 
polymer t / min 
ratio of 
repeating units 
BA :HEA-TMS 
total xp 
(NMR) /  
% 
Mn 
(NMR) 
Mn 
(THF-GPC) 
Mw/Mn 
(THF-GPC) 
4a 3 nd 2 500 700 1.10 
4b 7 nd 8 500 800 1.14 
4c 12 (62 : 38) 16 800 1000 1.19 
4d 20 90 : 10 26 900 1500 1.20 
4e 40 90 : 10 51 1400 2300 1.17 
4f 60 90 : 10 66 1600 2900 1.16 
4g 120 90 : 10 86 1800 3800 1.14 
4h 180 90 : 10 91 2000 4000 1.13 
 
polymer 
t / 
min 
nru 
(total) 
total ln 
[M]0/[M]
4a 3 5 0.020 
4b 7 6 0.083 
4c 12 7 0.174 
4d 20 11 0.301 
4e 40 17 0.713 
4f 60 22 1.079 
4g 120 28 1.966 
4h 180 30 2.408 
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Table 6: Synthesis of P(BA-co-HEA-TMS) via ATRP at 80 °C initiated by methyl 
2-bromopropionate: 
polymer t / min 
ratio of 
repeating units 
BA :HEA-TMS 
total xp 
(NMR) /  
% 
Mn 
(NMR) 
Mn 
(THF-GPC) 
Mw/Mn 
(THF-GPC) 
5a 3 93 : 7 16 700 1000 1.19 
5b 7 89 : 11 55 1400 2400 1.15 
5c 12 90 : 10 76 1900 3300 1.11 
5d 20 90 : 10 89 2100 3700 1.11 
5e 40 90 : 10 98 2200 4300 1.13 
5f 60 90 : 10 99 2200 4200 1.12 
5g 120 90 : 10 >99 2200 4400 1.14 
 
polymer 
t / 
min 
nru 
(total) 
total ln 
[M]0/[M]
5a 3 7 0.174 
5b 7 18 0.799 
5c 12 25 1.427 
5d 20 28 2.207 
5e 40 32 3.912 
5f 60 31 4.605 
5g 120 33 4.605 
 
With the reaction conditions described before the copolymerization of BA and HEA-TMS 
with ethyl 2-bromoisobutyrate as initiator at 80 °C was repeated without removing 
periodically samples to study the kinetics. After 60 min the reaction mixture was cooled 
with liquid nitrogen to stop the polymerization. The reaction mixture was diluted in 
CH2Cl2 (20 mL), filtered through a column of basic alumina and the solvent was removed 
under vacuum to yield a viscous polymer 3. Yield: 44 %, ratios of repeating units HEA-
TMS / BA = 8 / 92, initial feed ratio [M] : [Ini] : [CuBr] : [PMDETA] was 22 : 1 : 1 : 1. 
Mn (1H-NMR) = 2500, Mn (THF-GPC) = 4300; Mw/Mn = 1.21. 1H-NMR of 3 (CDCl3): 
see above. 
 
 
A.2.3 Synthesis of the bifunctional initiator N,N'-(ethane-1,2-diyl)bis(2-
bromo-2-methylpropanamide) (6) 
 
1,2-Ethylene diamine (0.36 g, 6 mmol) was dissolved in dioxane (15 mL) followed by 
slow addition of 2-bromoisobutyryl bromide (2.76 g, 12 mmol). The reaction mixture was 
stirred 12 h to obtain N,N'-(ethane-1,2-diyl)bis(2-bromo-2-methylpropanamide) (6) as 
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colourless solid. The product was filtered, washed with water and ether and dried in 
vacuum. Yield: nd (not optimized). 
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6  
1H-NMR of 6 (CDCl3): δ = 1.96 (s, 12H, H-1 + H-1'), 3.47 (m, 4H, H-5), 7.19 (br, 2H, H-
4) ppm. 13C-NMR (CDCl3): δ = 32.4 (C1+C1'), 40.4 (C5), 61.9 (C3), 173.2 (C3) ppm. 
 
 
A.2.4 General procedure for the polymerization of BA with HEA-TMS via 
ATRP using the bifunctional initiator 6 at various temperatures and different 
ligands 
 
In a Schlenk flask the bifunctional initiator N,N'-(ethane-1,2-diyl)bis(2-bromo-2-
methylpropanamide) (6) (41.8 mg, 0.1167 mmol with 0.2335 mmol initiating sites), 
deoxygenated HEA-TMS (420 mg, 2.0 mmol), BA (2193 mg, 17.0 mmol), PMDETA 
(41.6 mg, 0.24 mmol) or dinonylbpy (204.4 mg, 0.50 mmol) were dissolved in 2.50 mL 
BAc and 0.50 mL anisole. The solution was degassed by three freeze-pump-thaw cycles 
and CuBr (28.7 mg, 0.20 mmol) was added. An initial sample was taken for 1H-NMR 
analysis and the flask was placed in a thermostated oil bath at 70 °C or 100 °C. 
Periodically samples were taken during the polymerization to determine molecular weight 
by GPC and conversion by 1H-NMR (comparison of -OTMS-signal at 0.13 ppm or 
anisole signal at 6.85-6.99 ppm as internal standard with both allyl protons of HEA-TMS 
and BA (5.79-6.45 ppm)). Initial feed ratio BA : HEA-TMS was 8.5 : 1. [M] : [Ini] : 
[CuBr] : [PMDETA] was 163 : 1.0 : 1.8 : 2.0. [M] : [Ini] : [CuBr] : [dinonylbpy] was 163 
: 1.0: 1.8 : 4.2. 
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Table 7: Synthesis of P(BA-co-HEA-TMS) via ATRP at 70 °C with PMDETA: 
polymer 
t / 
min 
xp (NMR) 
total /  
% 
Mn 
(THF-GPC) 
Mw/Mn 
(THF-GPC) 
nru 
(total) 
ln [M]0/[M] 
7a 10 3 nd nd nd 0.030 
7b 30 4 1700 1.15 13 0.041 
7c 60 6 2400 1.23 18 0.062 
7d 90 6 2800 1.26 21 0.062 
7e 120 8 3200 1.28 24 0.083 
7f 180 9 3800 1.27 28 0.094 
7g 240 10 4500 1.26 33 0.105 
7h 420 22 5900 1.23 44 0.248 
7i 1170 24 9200 1.23 68 0.274 
 
Table 8: Synthesis of P(BA-co-HEA-TMS) via ATRP at 70 °C with dinonylbpy: 
polymer 
t / 
min 
xp (NMR) 
total /  
% 
Mn 
(THF-GPC) 
Mw/Mn 
(THF-GPC) 
nru 
(total) 
ln [M]0/[M] 
8a 10 3 nd nd nd 0.030 
8b 30 5 nd nd nd 0.051 
8c 60 6 1600 1.12 12 0.062 
8d 90 6 1700 1.14 13 0.062 
8e 120 6 1700 1.14 13 0.062 
8f 180 nd 1900 1.15 14 nd 
8g 240 6 2000 1.16 15 0.062 
8h 420 8 2100 1.16 16 0.083 
8i 1170 8 2200 1.16 16 0.083 
 
Table 9: Synthesis of P(BA-co-HEA-TMS) via ATRP at 100 °C with PMDETA: 
polymer 
t / 
min 
xp (NMR) 
total /  
% 
Mn 
(THF-GPC) 
Mw/Mn 
(THF-GPC) 
nru 
(total) 
ln [M]0/[M] 
9a 10 0 nd nd nd 0 
9b 30 0 nd nd nd 0 
9c 65 0 nd nd nd 0 
9d 110 0 nd nd nd 0 
9e 170 2 3800 1.24 28 0.020 
9f 230 6 5300 1.23 39 0.062 
9g 410 18 11000 1.23 82 0.198 
9h 1300 61 32400 1.23 241 0.942 
9i 1590 68 nd nd nd 1.139 
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Table 10: Synthesis of P(BA-co-HEA-TMS) via ATRP at 100 °C with dinonylbpy: 
polymer 
t / 
min 
xp (NMR) 
total /  
% 
Mn 
(THF-GPC) 
Mw/Mn 
(THF-GPC) 
nru 
(total) 
ln [M]0/[M] 
10a 10 2 nd nd nd 0.020 
10b 30 4 1900 1.21 14 0.041 
10c 68 6 2500 1.14 19 0.062 
10d 110 8 3200 1.14 24 0.083 
10e 170 10 4200 1.12 31 0.105 
10f 230 12 4900 1.13 36 0.128 
10g 410 17 6600 1.16 49 0.186 
10h 1280 28 11600 1.16 86 0.329 
10i 1600 30 nd nd nd 0.357 
 
 
A.3 Results and discussion 
 
Aim was the synthesis of well-defined P(BA-co-HEA-TMS) under different ATRP 
conditions initiated by different monofunctional and bifunctional initiators. For this 
purpose the copolymerization was studied to achieve statistical microstructures and 10 % 
HEA-TMS repeating units. 
 
 
A.3.1 Polymerization of BA with HEA-TMS via ATRP 
 
A kinetic studya for the copolymerization of BA and HEA-TMS was conducted at 70 °C. 
The polymerization was controlled by ATRP under homogenous conditions using 
dinonylbpy / CuBr as catalyst. Ethyl 2-bromoisobutyrate was used to initiate the 
polymerization in 2-butanone (50 % w / w) solution. The initial feed ratio BA : HEA-
TMS was 9 : 1 and [M] : [Ini] : [CuBr] : [dinonylbpy] was 70 : 1 : 1 : 2.1. The first-order 
kinetic plot of the polymerization, shown in Figure 1, was linear, indicating that the 
number of active species remained constant during the reaction. The dependence of the 
number average molecular weight (Mn) and molecular weight distribution (Mw/Mn) on 
conversion (Figure 2) is typical for ATRP, molecular weight distributions decrease with 
conversion. Throughout the entire reaction the monomer ratio was constant (BA : HEA-
TMS = 9 : 1) indicating the formation of statistical copolymers. The polymerization was 
                                                 
a The conditions for the kinetic study are similar to the conditions of side chain polymerization in chapter 3, 
with the difference that Cu2+ was not added. 
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stopped after 7.2 h at 82 % monomer conversion yielding narrow distributed P(BA-co-
HEA-TMS) (Mw/Mn = 1.13, Mn = 9800). 
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Figure 1: First-order kinetic plot for the ATRP of BA and HEA-TMS (9 : 1) in MEK at 70 °C using 
CuBr/dinonylbipy, initiated by ethyl 2-bromoisobutyrate (kapp = 0.066 x 10-4 sec-1). 
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Figure 2: Mn and Mw/Mn vs. conversion for the ATRP of BA and HEA-TMS (9 : 1) in MEK at 70 °C 
using CuBr/dinonylbipy, initiated by ethyl 2-bromoisobutyrate. 
 
Chapter A 
 162
 
A.3.2 Polymerization of BA with HEA-TMS via ATRP with variation of 
temperature and initiator 
 
Different copolymerizations of BA and HEA-TMS were carried out with always the same 
initial feed ratio of 9 : 1 and initiator/catalyst ratios ([M] : [Ini] : [CuBr] : [PMDETA] was 
22 : 1 : 1 : 1) in n-butylacetate (50 % w / w) solution. Two typical ATRP initiators were 
used at 40 and 80 °C, respectively: On the one hand ethyl 2-bromoisobutyrate (EBrib) 
which is commonly used to mimic methacrylate chain ends and on the other hand methyl 
2-bromopropionate (MBP), which is commonly used to mimic acrylate, chain ends. These 
initiators are among the most widely used initiators in ATRP and it is known that 
polymerizations with EBrib are significantly faster compared to MBP due to the radical 
stabilizing effect of the second methyl group.15 As shown in Figure 3, the first-order 
kinetic plots of the polymerizations at 40 °C were linear up to 90 % monomer conversion, 
indicating that the number of active species remained constant during the reactions. 
According to published observations mentioned before polymerizations with EBrib are 
faster compared to MBP, which is shown by the apparent rate constants. Reaction rates at 
80 °C are faster compared to 40 °C (for unknown reasons in both cases the reaction rates 
apparently change after the activation period). Throughout the entire reaction the 
monomer ratio was constant (BA : HEA-TMS = 9 : 1) indicating the formation of 
statistical copolymers. In all cases molecular weight distributions (Mw/Mn) were below 
1.15 underlining the controlled character of all polymerizations. A linear relationship 
between molecular weight and conversion can be seen in Figure 4, in good agreement 
with the theory of controlled polymerization. 
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Figure 3: First-order kinetic plot for the ATRP of BA and HEA-TMS (9 : 1) in BAc at different 
temperatures using CuBr/PMDETA and different initiators (kapp (40 °C, EBrib) = 0.265 x 10-4 sec-1, 
kapp (80 °C, EBrib) = 2.102 x 10-4 sec-1, kapp (40 °C, MBP) = 0.240 x 10-4 sec-1, kapp (80 °C, MBP) = 
1.866 x 10-4 sec-1). 
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Figure 4: Mn vs. conversion for the ATRP of BA and HEA-TMS (9 : 1) in BAc at different 
temperatures using CuBr/PMDETA and different initiators. 
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The 1H-NMR spectra of both polymers P(BA-co-HEA-TMS) with different endgroups 
due to the used initiators (ethyl 2-bromoisobutyrate and methyl 2-bromopropionate) is 
shown in Figure 5. The end groups can be distinguished from the signals a, b and c. 
Figure 5: 1H-NMR spectrum of P(BA-co-HEA-TMS) with different endgroups (polymer 3 and 5) in 
CDCl3. 
 
 
A.2.4 Copolymerization of BA and HEA-TMS via ATRP using the 
bifunctional initiator 6 
 
Recently, the synthesis of an initiator with a tert-butyloxycarbonyl (BOC) protected 
aminogroup was published.16 It was synthesized using (BOC)2O and excess of 
diaminoethane and conversion of the free amino group with 2-bromisobutyryl bromide 
afterwards. The initiator containing a protected amino functionality showed poor initiator 
efficiency, broad polydispersities and poor control if subjected to ATRP of MMA, but 
gives access to polymers with amino endgroups after cleavage of the BOC protective 
group. However, attempts to synthesize a monofunctional initiator using large excess of 
diaminoethane or diaminohexane and 2-bromisobutyryl bromide failed. Even if acetic 
acid was added to an excess of diaminethane in aqueous solution to partially protonate the 
amino groups to retard reaction with nucleophiles, always solid bisubstituted product 6 
was obtained which is insoluble in water (Scheme 1). 
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Scheme 1: Reaction of diaminoethane with 2-bromisobutyryl bromide. 
 
The initiator 6 was subjected to ATRP conditions (Scheme 2) using the same initial feed 
ratio of 8.5 : 1 of BA and HEA-TMS in n-butylacetate (50 % w / w) solution. Two 
different temperatures (70 °C and 100 °C) and two different ligands were tested, namely 
PMDETA and dinonylbpy (initiator/catalyst ratios: [M] : [Ini] : [CuBr] : [PMDETA] was 
163 : 1.0 : 1.8 : 2.0 and [M] : [Ini] : [CuBr] : [dinonylbpy] was 163 : 1.0: 1.8 : 4.2).  
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Scheme 2: Polymerization of BA and HEA-TMS using the bifunctional initiator 6. 
 
The first-order kinetic plots of the polymerizations (Figure 6) show the different apparent 
reaction rates. The homogenous polymerizations are approximately three times faster 
using PMDETA as ligand instead of dinonylbpy and approximately twice as fast at 
100 °C. The high reactivity of tridentate PMDETA is discussed in literature.17 The higher 
polymerization rate is partially attributed to the lower redox potential of the copper(I)-
PMDETA complex which shifts the equilibrium from the dormant species toward the 
active species resulting in the generation of more radicals in the system. The molecular 
weights increase linearly with conversion (Figure 7) in accordance with the theory of 
controlled polymerization, and the molecular weight distributions (Figure 8) are narrow 
below 1.16 using dinonylbpy and 1.23 using PMDETA since it generates more radicals. It 
has been observed that polymers synthesized with bifunctional initiators via controlled 
radical polymerization methods such as ATRP have higher molecular weights, higher 
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monomer conversion and lower polydispersity than polymers made with structural similar 
monofunctional initiators at similar reaction conditions.18,19  
This may explain the very narrow distributions of the polymerization. Furthermore, since 
poly(n-butyl acrylates) have smaller hydrodynamic volumes19 compared to the PMMA 
calibration standards from GPC, molecular weights indeed are higher than expected from 
the relation Mn,theo = ([M]/[I]0 x MWmonomer) + MWinitiator). 
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Figure 6: First-order kinetic plot for the ATRP of BA and HEA-TMS (9 : 1) in BAc at different 
temperatures with different ligands using CuBr, initiated by the bifunctional initiator 6 (kapp (70 °C, 
PMDETA) = 0.049 x 10-4 sec-1, kapp (70 °C, dinonylbpy) = 0.017 x 10-4 sec-1, kapp (100 °C, 
PMDETA) = 0.116 x 10-4 sec-1, kapp (100 °C, dinonylbpy) = 0.042 x 10-4 sec-1). 
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Figure 7: Mn vs. conversion for the ATRP of BA and HEA-TMS (9 : 1) in BAc at different 
temperatures with different ligands using CuBr, initiated by the bifunctional initiator 6. 
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Figure 8: Mw/Mn vs. time for the ATRP of BA and HEA-TMS (9 : 1) in BAc at different temperatures 
with different ligands using CuBr, initiated by the bifunctional initiator 6. 
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A.4 Conclusion 
 
This chapter presents kinetic studies and the synthesis of protected hydroxyfunctional 
polyacrylates, namely P(BA-co-HEA-TMS), via ATRP using different conditions. 
Different ligands, initiators and temperatures were tested to demonstrate the very good 
control in all cases. All synthesized polyacrylates are random copolymers with 10 % 
HEA-TMS repeating units and low molecular weights (< 10000). 
A new bifunctional initiator was synthesized from diaminoethane and 2-bromisobutyryl 
bromide. This initiator was subjected to ATRP conditions for the synthesis of P(BA-co-
HEA-TMS) achieving good control over molecular weight and high control over 
molecular weight distributions. As observed in literature using bifunctional initiators 
molecular weights are higher than expected.  
Cleaving the TMS protective groups gives access to more polar copolymers that can be 
used for polymeranalogous reactions such as esterifications. In the case of synthesized 
polymers using the bifunctional initiator ABA triblock copolymers can be prepared20 
since P(BA-co-HEA-TMS) as B-pre-block carries two initiating endgroups. 
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______________________________Chapter B 
 
Synthesis of macromonomers and comb polymers 
 
 
B.1 Introduction 
 
Since its discovery in 1995 atom transfer radical polymerization (ATRP)1 has been 
successfully applied for the synthesis of complex polymer architectures.  
Particularly graft copolymers which can be synthesized by three different methods,2 by 
"grafting from",3-6 "grafting through" 7,8 and "grafting onto",9,10 gained much interest in 
the last years. The "grafting through" method, which is the homo- or copolymerization of 
macromonomers, provides grafted polymers with high grafting density since every 
repeating unit has a grafted side chain. However, usually the degree of polymerization is 
low due to steric hindrance of the side chains and low concentration of polymerizable 
groups.  
Recently the synthesis of well-defined poly(n-butyl acrylate) [P(BA)] macromonomers 
was published.11 The ATRP-derived P(BA) using CuBr/PMDETA with a measured 
degree of bromine endgroups of 77-95 % was reacted with acrylic acid or methacrylic 
acid to result in a nucleophilic substitution of terminal bromine groups (Scheme 1). The 
authors noticed that conversions greater than 90 % could be reached using DBU as strong 
non-nucleophilic base to trap HBr in ethyl acetate solutions. Depending on the chain 
lengths of the methacrylate- and acrylate-terminated macromonomers the 
homopolymerization using AIBN resulted in comb polymers with degrees of 
polymerization up to 67, broad distributions and conversions up to 37 % in solution and 
up to 98 % in bulk (Scheme 1). 
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Scheme 1: Synthesis of P(BA) macromonomers by substitution of the bromine and 
homopolymerization of (meth)acrylate-terminated macromonomers (from Lit11). 
 
This chapter describes the substitution of the bromine endgroup in P(BA-co-HEA-TMS) 
using methacrylic acid according to the published protocol described before. The attempt 
to polymerize these macromonomers via the "grafting through" approach was done to 
synthesize comb polymers. 
 
 
B.2 Experimental 
 
Materials 
 
Dioxane (99.5 %, Riedel-de Haen), 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, 99 %, 
Fluka), ethyl acetate (EtOAc, 99.5 %, Merck), methacrylic acid (MA, 99 %, Sigma-
Aldrich) and basic aluminia (Al2O3, Brockmann activity I, pH 9.5 ± 0.5, Fluka) were used 
as received. 2,2'-Azobisisobutyronitrile (AIBN, >98 %, Aldrich) was recrystallized from 
methanol. Reactions were performed in round bottom flasks or Schlenk tubes equipped 
with septa in inert gas atmosphere of argon (Westfalen AG, 4.6, dried over mole sieve 
(4 Å) and potassium on aluminium oxide). The synthesis of P(BA-co-HEA-TMS) (3) is 
described in chapter A. 
 
 
Methods 
 
1H-NMR spectra were recorded on a Bruker DPX-300 FT-NMR spectrometer at 300 
MHz. Deuterated solvents were used and tetramethylsilane (TMS) served as the internal 
standard.  
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All molecular weight values (Mn and Mw) were determined by gel permeation 
chromatography (GPC) using PMMA calibration (polymer standards from PL). GPC 
analyses performed with tetrahydrofuran (THF) as the eluent were carried out using a 
high pressure liquid chromatography pump (PL-LC 1120 HPLC) and both a refractive 
index detector (ERC-7515A) and a UV detector (ERC-7215, λ = 254 nm) at 35°C. The 
eluting solvent was THF with 250 mg/L 2,6-di-tert-butyl-4-methylphenol (Aldrich) and a 
flow rate of 1.0 mL/min. Four columns with MZ-DVB gel were applied: length of each 
column 300 mm, diameter 8 mm, diameter of the gel particles 5 μm, nominal pore widths 
50, 100, 1000, 10 000 Å.  
For peak deconvolution, peak fitting software (hs NTeqGPC V 6.2.12, Hard- und 
Software mbH, Dr. W. Schupp) was used.  
 
 
Synthesis of macromonomers by the substitution of the endgroup – 
synthesis of P(BA-co-HEA) macromonomers (1) 
 
In a 5-mL Schlenk tube P(BA-co-HEA) (1000 mg polymer 3, assuming max. 0.4 mmol of 
Br; Mn (THF-GPC) = 4300; Mw/Mn = 1.21, random copolymer with 10 % HEA-TMS 
repeating units) was dissolved in EtOAc (0.8 mL), and MA (51.8 mg, 0.6 mmol) was 
added followed by DBU (91.4 mg, 0.6 mol) dissolved in EtOAc (0.4 mL). The mixture 
was stirred for 24 h at room temperature and 12 h at 60 °C afterwards. The solution was 
stirred with basic alumina (200 mg) for 1 h and filtered. The solvent was removed under 
vacuum to yield a clear, yellow viscous liquid. Yield: 95 %. Conversion (1H-NMR): 27 % 
(by integral ratio of peak at 6.17 ppm (olefin proton e) and at 1.13 ppm (CH3 group a of 
initiator end group)), Mn (GPC) = 4100; Mw/Mn = 1.28. 
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1H-NMR (CDCl3): δ = (i) HEA repeating units: 1.82-2.09 (br, 2H, H-1'), 2.20-2,45 (br, 
1H, H-2'), 3.79 (br, 2H, H-8), 4.19 (br, 2H, H-9) (ii) BA repeating units: 0.94 (br, 3H, 
H-6), 1.38 (br, 2H, H-5), 1.60 (br, 2H, H-4), 1.82-2.09 (br, 2H, H-1), 2.20-2.45 (br, 1H, 
H-2), 4.05 (br, 2H, H-3) (iii) end group initiator: 1.13 (m, 3H, H-a), 1.24 (s, 6H, H-c, 
H-c'), (iv) end group metharcylate: 5.01 (br, 1H, H-d), 5.64 (s, 1H, H-e'), 6.17 (s, 1H, 
H-e) ppm. 
 
 
Homopolymerization of methacrylate terminated macromonomers - 
synthesis of comb-type polymers (2) 
 
The methacrylate terminated macromonomer 1/ polymer 3 mixture (471 mg, assuming 
max. 0.05 mmol of methacrylate double bonds = 27 % of end groups) was dissolved in 
dioxane (2.0 mL) followed by the addition of AIBN (4.8 mg, 1 wt %). The reaction 
mixture was stirred, degassed, and heated to 70 °C for 24 h. The solvent was removed 
under vacuum to yield a clear, yellow viscous liquid. Conversion (1H-NMR): 48 % 
(comparison of integral of peak at 6.17 ppm (olefin proton e) with 1H-NMR of the 
macromonomer; CH3 group a of initiator end group at 1.13 ppm served as internal 
standard), Mn (GPC) = 5600; Mw/Mn = 1.31 (macromonomer, peak shows shoulder to 
high molecular weight) and Mn (GPC) = 136500; Mw/Mn = 1.39 (comb polymer), nru = ca. 
30. 
1H-NMR of comb polymer 2 (CDCl3): similar to macromonomer 1, but with decreased 
olefin peaks at 0.01 and 6.17 ppm. 
 
 
B.3 Results and discussion 
 
Recently the synthesis of well defined P(BA) macromonomers and the 
homopolymerization of those macromonomers was published which resulted in comb 
polymers.11 Our aim was the preparation of P(BA-co-HEA-TMS) macromonomers (1) 
which can be also used for the synthesis of grafted polymers via the "grafting through" 
approach. P(BA-co-HEA-TMS) macromonomers instead of P(BA) macromonomers may 
lead to comb polymers having functional groups in the side chains due to HEA-TMS 
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repeating units which can be easily converted to hydroxyl groups to give access to more 
polar polymers or precursors for polymer analogous esterification reactions. 
P(BA-co-HEA-TMS) was synthesized via ATRP using CuBr/PMDETA initiated with 
ethyl 2-bromoisobutyrate (the synthesis is described in chapter A, nru = 32). In accordance 
with the published protocol11 different attempts to substitute bromine endgroups with 
methacrylic acid have been conducted. First it must be noted that the published reaction 
conditions had to be downscaled by the factor of 850 which resulted in more diluted 
systems since problems appear especially with stirring the high viscous polymer 
solutions. The attempt to convert the bromine endgroups with the more reactive sodium 
methacrylate salt lead to heterogeneous reaction mixtures in ethyl acetate (EtOAc) 
solution both at 30 °C and 60 °C and thus no conversions was observed. Also no 
conversion was observed in adding the polymer dissolved in EtOAc over a course of 10 
min. to a solution of DBU and MA in EtOAc at RT to avoid the cleavage of the TMS 
protective groups. Here approx. after 12 h a colourless salt precipitated, probably MA-
DBU salt. Thus cleavage of the TMS protective groups could not be avoided, an excess of 
MA was provided with P(BA-co-HEA-TMS) dissolved in EtOAc, followed by the slow 
addition of dissolved DBU. Best results were obtained stirring the viscous solution at RT 
and at 60 °C afterwards. Figure 1 shows the 1H-NMR spectrum of the macromonomer / 
pre-polymer mixture. Comparison of the integrals of protons from the initiator endgroup 
with olefinic protons of the methacrylate-terminated endgroup showed a conversion of 
27 %. As expected, it can be seen that the TMS protective groups are cleaved quantitavely 
due to hydrolysis with MA. Furthermore DBU-MA salt was observed. 
Different reasons may be found for the low conversion compared to the published 
synthesis using P(BA).11 On the one hand the authors have selected P(BA) with high 
bromine endgroup functionalization (77-95 %) measured by bromine analysisa whereas 
here the bromine endgroup functionalization was not known and possibly lower. On the 
other hand the reaction mixture was more diluted due to the downscaling to avoid 
problems associated with the viscosity of the reaction mixture (instead of magnetic 
stirrers more powerful agitators have been used in the published synthesis11). The 
hydroxyl groups of the HEA-repeating units also might have a negative effect regarding 
the conversion with MA due to more polar polymer backbones causing i.e. aggregation of 
                                                 
a Although ATRP of styrene is not comparable to that of P(BA) or P(BA-co-HEA-TMS), chain end 
functionality of PS was below 80 % at conversions greater 60 %: J.F. Lutz, K. Matjyaszewski, Polym. Prep. 
2002, 43, 229. 
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polymer chains. However, the macromonomer / pre-polymer mixture in dioxane solution 
was tested to homopolymerization at 70 °C for 24 h using 1 wt % AIBN. The decreasing 
signal of the olefinic protons in 1H-NMR spectroscopy displayed 48 % conversion, which 
is very acceptable since the concentration of polymerizable groups is low. GPC analysis 
showed a moderate degree of polymerization (Figure 2, Mn (macromonomer 1) = 5600; 
Mw/Mn = 1.31; Mn (comb polymer 2) = 136500; Mw/Mn = 1.39 → nru = ca. 30). It must be 
noted that molecular weights from GPC analysis are apparent since the hydrodynamic 
volume of comb polymers due to compact structure is significant lower compared to the 
linear PMMA standards that have been used. Scheme 2 summarizes the synthetic route. 
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Scheme 2: Synthesis of P(BA-co-HEA) macromonomers (1) by substitution of the bromine in 
polymer 3; homopolymerization of methacrylate-terminated macromonomers 1 to comb 
polymer 2. 
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Figure 1: 1H-NMR spectrum of methacrylate terminated macromonomer P(BA-co-HEA)-MMA (1) 
in CDCl3 ( # = acetone). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: GPC eluogram of macromonomer 1 (below) and comb polymer 2 / macromonomer 1 
mixture (above). 
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B.4 Conclusion 
 
This chapter presents the synthesis of methacrylate terminated P(BA-co-HEA) 
macromonomers with a degree of polymerization of nru = 32. By nucleophilic substitution 
of ATRP-derived bromine end groups of P(BA-co-HEA-TMS) with methacrylic acid 
(MA) conversions of 27 % have been achieved. During the reaction the TMS protective 
groups of the HEA-TMS repeating units were cleaved due to hydrolysis with MA. 
Homopolymerization of the macromonomer / pre-polymer mixture in solution using 
AIBN gave very acceptable conversion of 48 % to the comb polymer P(MMA)-graft-
P(BA-co-HEA). A moderate degree of polymerization (nru = ca. 30) was determined using 
GPC analysis. 
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______________________________Chapter C 
 
Synthesis of hydroxyfunctional polymers in presence of α-MSD 
 
 
C.1 Introduction 
 
The control of microstructure, molecular weight and molecular weight distribution is one 
of the main topics in academia’s modern polymer synthesis. Besides living ionic 
polymerization three controlled radical polymerization methods seem to be most efficient: 
the reversible addition-fragmentation chain transfer (RAFT)1 process, the atom transfer 
radical polymerization (ATRP)2 and the stable free radical polymerization (SFRP), which 
is presented by TEMPO (2,2,6,6,-tetramethylpiperidine-N-oxyl) mediated 
polymerization.3 From industrial point of view these controlled radical polymerization 
methods are not attractive since RAFT polymerization usually results in coloured 
polymers with unpleasant odor due to dithioesters, ATRP is unlikely because of the 
difficulties of catalyst removal which is usually toxic and coloured and TEMPO-mediated 
polymerizations are very slow and expensive due to TEMPO itself. Thus from an 
industrial viewpoint colourless and non-toxic additives like 2,4-diphenyl-4-methyl-1-
pentene (α-methylstyrene dimer, α-MSD, Nofmer®) gained much interest. This substance 
is known as non polymerizable styrene derivate which can regulate molecular weights 
and decrease molecular weight distributions.4 Today several structural similar substances 
are used (usually acrylate and methacrylate dimers).5 In 1993 the thermal polymerization 
of styrene in the presence of α-MSD was published and an addition-fragmentation chain 
transfer (AFCT) mechanism was proposed.6 The mechanism of AFCT involves the 
separate reaction steps of addition to the AFCT agent, subsequent fragmentation of the 
resulting radical, followed by reinitiation by the expelled radical (Scheme 1). If α-MSD as 
AFCT agent is used stoichiometrically with the moles of polymer formed all endgroups 
are decorated with olefinic groups after the fragmentation step. In this way 
macromonomers can be prepared and used as precursors for graft copolymers.7 The 
unsaturated end group also may react further with propagating radicals, and the resulting 
adduct radicals may undergo fragmentation or monomer addition depending on the 
system.8 On the other hand polymers with high degrees of polymerization may be 
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synthesized in presence of AFCT agents, which offer narrow molecular weight 
distributions, compared to free radical polymerization. 
This chapter describes the attempt to P(BA-co-HEMA) in presence of α-MSD as AFCT 
agent. Aim was to obtain linear high molecular weight polymers with narrow molecular 
weight distributions. 
Ph Ph
Ph
R
monomer
R
X X
addition R
X X Ph Ph
fragmentationR
X X Ph Ph
R
X X Ph
cumyl radicalmacromonomer
Ph
monomer chain transfer
Ph X
X
X  
Scheme 1: General reaction mechanism for macromonomer synthesis using α-MSD as AFCT 
agent. 
 
 
C.2 Experimental 
 
Materials 
 
Butyl acetate (BAc, >99 %, Fluka), chloroform (>99 %, Merck) and basic aluminia 
(Al2O3, Brockmann activity I, pH 9.5 ± 0.5, Fluka) were used as received. 
2,2'-Azobisisobutyronitrile (AIBN, >98 %, Aldrich) was recrystallized from methanol. 
2,4-Diphenyl-4-methyl-1-pentene (α-MSD, 97 %, Aldrich) was filtered through a column 
of basic alumina prior to use. n-Butyl acrylate (BA, 99 %, Fluka) was distilled under 
reduced pressure before use. 2-Hydroxyethyl methacrylate (HEMA, >99 %, Fluka) was 
purified by washing an aqueous solution (25 vol % HEMA) of monomer with hexane (3 x 
200 mL), salting the monomer out of the aqueous phase by addition of NaCl, drying over 
MgSO4, and distilling under reduced pressure.a Reactions were performed in round 
                                                 
a K.L. Beers, S. Boo, S.G. Gaynor, K. Matyjaszewski, Macromolecules 1999, 32, 5772. 
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bottom flasks or Schlenk tubes equipped with septa in inert gas atmosphere of argon 
(Westfalen AG, 4.6, dried over mole sieve (4 Å) and potassium on aluminium oxide).  
 
 
Methods 
 
1H-NMR spectra were recorded on a Bruker DPX-300 FT-NMR spectrometer at 300 
MHz. Deuterated solvents were used and tetramethylsilane (TMS) served as the internal 
standard.  
All molecular weight values (Mn and Mw) were determined by gel permeation 
chromatography (GPC) using PMMA calibration (polymer standards from PL). GPC 
analyses performed with tetrahydrofuran (THF) as the eluent were carried out using a 
high pressure liquid chromatography pump (PL-LC 1120 HPLC) and both a refractive 
index detector (ERC-7515A) and a UV detector (ERC-7215, λ = 254 nm) at 35°C. The 
eluting solvent was THF with 250 mg/L 2,6-di-tert-butyl-4-methylphenol (Aldrich) and a 
flow rate of 1.0 mL/min. Four columns with MZ-DVB gel were applied: length of each 
column 300 mm, diameter 8 mm, diameter of the gel particles 5 μm, nominal pore widths 
50, 100, 1000, 10 000 Å.  
For peak deconvolution, peak fitting software (hs NTeqGPC V 6.2.12, Hard- und 
Software mbH, Dr. W. Schupp) was used.  
 
 
General procedure for the free radical polymerization of BA with HEMA 
using AIBN/α-MSD 
 
In a Schlenk flask deoxygenated HEMA (289 mg, 2.22 mmol), BA (2564 mg, 20.0 mmol) 
and α-MSD were dissolved in BAc (3.0 mL). The solution was degassed by three freeze-
pump-thaw cycles, AIBN was added and the solution stirred 5 min at RT. In case of 
kinetic study an initial sample was taken for 1H-NMR analysis. The flask was placed in a 
thermostated oil bath. In case of kinetic study periodically samples were removed during 
the polymerization to determine molecular weight by GPC and conversion by 1H-NMR 
(comparison of BAc signal at 2.02 ppm as internal standard with both allyl proton of 
HEMA at 5.57 ppm and allyl proton of BA at 5.80 ppm). Molar ratios of the repeating 
units (BA : HEMA) were studied by 1H-NMR with vacuum dried samples (integration of 
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-O-CH2(CH2)2CH3-group and -O-CH2CH2OH-group at 3.89-4.40 ppm compared to 
-O-CH2CH2OH-group at 3.81 ppm). In other respects reaction mixture was cooled with 
liquid nitrogen to stop the polymerization, diluted in chloroform (10 mL) and exposed to 
air. Solvent and monomer were removed in vacuum and yields were determined via 
gravimetric analysis. 
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Table 1: Overview of the reaction conditions of the synthesis of P(BA-co-HEMA) using AIBN/α-
MSD: 
polymer 
α-MSD 
mg 
mmol 
AIBN 
mg 
mmol 
[M]* : [α -MSD] : [AIBN] 
temp / 
° C 
time / 
min 
1 338 1.43 
235 
1.43 15.6 : 1 : 1 110 120 
2 338 1.43 
23.5 
0.14 15.6 : 1 : 0.1 110 120 
3 67 0.285 
47 
0.285 77.9 : 1 : 1 110 120 
4 67 0.285 
5 
0.0285 77.9 : 1 : 0.1 110 120 
5 22 0.095 
16 
0.095 233.7 : 1 : 1 110 120 
6 22 0.095 
1.6 
0.010 233.7 : 1 : 0.1 110 120 
7 -- 235 1.43 15.6 : 0 : 1 110 120 
8 -- 47 0.285 77.9 : 0 : 1 110 120 
9 -- 16 0.095 233.7 : 0 : 1 110 120 
10 9.9 0.038 
7.1 
0.039 580 : 1 : 1.03 80 
kinetic 
study 
11 9.9 0.038 
7.1 
0.039 580 : 1 : 1.03 110 
kinetic 
study 
12 9.9 0.038 
7.1 
0.039 580 : 1 : 1.03 130 
kinetic 
study 
* [M] = [MBA] + [MHEMA]; monomer ratio [MBA] : [MHEMA] = 9 : 1 
 
Table 2: Overview of the analytical data of P(BA-co-HEMA) synthesized using AIBN/α-MSD: 
polymer 
yield / %  
(gravimetric)  
ratio of 
repeating 
units 
BA : HEMA  
Mn 
(THF-GPC) 
Mw/Mn 
(THF-GPC) 
Mn 
(NMR) 
1 96 86 : 14 2100 2.04 3600 
2 62 81 : 19 2000 2.32 900 
3 99 91 : 9 9900 2.11 14200 
4 69 88 : 12 12100 2.16 6700 
5 96 91 : 9 25200 2.11 nd 
6 66 89 : 11 30000 2.16 nd 
7 91 90 : 10 4300 6.27 nd 
8 99 92 : 8 10300 4.83 nd 
9 96 92 : 8 22700 3.76 nd 
 
(polymer 4) 1H-NMR (CDCl3): δ = (i) HEMA repeating units: 0.87-1.19 (br, 3H, H-7), 
1.78-2.01 (br, 2H, H-1'), 3.81 (br, 2H, H-9), 4.16 (br, 2H, H-8) (ii) BA repeating units: 
0.94 (br, 3H, H-6), 1.38 (br, 2H, H-5), 1.60 (br, 2H, H-4), 1.78-2.01 (br, 2H, H-1), 2.08-
2.47 (br, 1H, H-2), 4.04 (br, 2H, H-3) (iii) end group: 5.06 (br, H-c), 5.27 (br, H-c´), 6.98-
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7.41 (br, H-arom) ppm. The number of repeating units (nru) was calculated by comparison 
of the olefin proton H-c at 5.06 ppm of the endgroup with the protons H-8, H-9 and H-3 
at 7.25-7.94 ppm of the repeating units with 1H-NMR. Using the calculated nru the Mn 
(NMR) was estimated. 
OO OO
OH
9
1´
8
1
2
3 4
5
6
7
arom arom
a a´
b
c c´
4  
Table 3: Synthesis of P(BA -co-HEMA) at 80 °C (polymer 10): 
polymer 
t / 
min 
xp (NMR) 
total /  
% 
monomer 
ratio* 
BA : HEMA 
(NMR) 
Mn 
(THF-GPC) 
Mw/Mn 
(THF-GPC) 
nru (total, 
THF-
GPC) 
total ln 
[M]0/[M]
10a 5 1 88 : 12 48900 1.94 381 0.010 
10b 12 5 89 : 11 51700 1.87 402 0.051 
10c 20 9 90 : 10 56500 1.90 440 0.094 
10d 40 18 92 : 8 63300 1.82 493 0.198 
10e 60 26 93 : 7 66300 1.93 516 0.301 
10f 120 46 97 : 3 74000 2.04 576 0.616 
10g 188 60 98 : 1 76200 2.28 593 0.916 
10h 239 71 99 : 1 81200 2.32 632 1.238 
*remaining monomer ratio in the reaction mixture revealing reactivity and thus microstructure of the 
polymer (here: gradient copolymers are formed) 
 
Table 4: Synthesis of P(BA -co-HEMA) at 110 °C (polymer 11): 
polymer 
t / 
min 
xp (NMR) 
total /  
% 
monomer 
ratio* 
BA : HEMA 
(NMR) 
Mn 
(THF-GPC) 
Mw/Mn 
(THF-GPC) 
nru (total, 
THF-
GPC) 
total ln 
[M]0/[M]
11a 5 53 97 : 3 26000 1.96 202 0.755 
11b 12 66 97 : 3 27600 2.01 215 1.079 
11c 20 70 97 : 3 28600 2.07 223 1.204 
11d 40 76 99 : 1 32300 2.07 251 1.427 
11e 60 80 97 : 3 34300 2.11 267 1.609 
11f 120 86 98 : 2 36300 2.24 282 1.966 
11g 179 89 97 : 3  36400 2.41 283 2.207 
11h 240 92 96 : 4 37200 2.50 289 2.526 
*remaining monomer ratio in the reaction mixture revealing reactivity and thus microstructure of the 
polymer 
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Table 5: Synthesis of P(BA -co-HEMA) at 130 °C (polymer 12): 
polymer 
t / 
min 
xp (NMR) 
total /  
% 
monomer 
ratio* 
BA : HEMA 
(NMR) 
Mn 
(THF-GPC) 
Mw/Mn 
(THF-GPC) 
nru (total, 
THF-
GPC) 
total ln 
[M]0/[M]
12a 6 62 96 : 4 21200 2.15 165 0.968 
12b 13 70 96 : 4 21800 2.02 170 1.204 
12c 21 76 96 : 4 22300 2.09 147 1.427 
12d 40 83 95 : 5 22800 2.14 177 1.772 
12e 60 86 96 : 4 23300 2.14 181 1.966 
12f 120 90 98 : 2 23400 2.17 182 2.303 
12g 180 92 99 : 1 22900 2.24 178 2.526 
12h 241 94 100 : 0 23500 2.18 183 2.813 
*remaining monomer ratio in the reaction mixture revealing reactivity and thus microstructure of the 
polymer 
 
 
C.3 Results and discussion 
 
Aim was to synthesize linear high molecular weight P(BA-co-HEMA) with narrow 
molecular weight distributions in presence of α-MSD as AFCT agent. The influence on 
molecular weight and molecular weight distribution of different α-MSD concentrations is 
studied. Another aim was to analyze the endgroups of polymers, which are prepared in 
presence of α-MSD. 
Copolymerizations of BA and HEMA in butyl acetate solution (50 / 50 v / v) in presence 
of AIBN and α-MSD were performed. Initial feed ratio of monomers always was kept 
constant at [BA] : [HEMA] = 9 : 1 in order to reach random copolymers since HEMA is 
more reactive. Kinetic studies at 80°C, 110°C and 130°C were conducted using the same 
initial feed ratios of monomer, RAFT agent and initiator ([M]: [α-MSD] : [AIBN] = 580 : 
1 : 1.03). The plot of ln [M]0 / [M] vs time (Figure 1) was used to calculate the apparent 
rate constants at different temperatures. At 80 °C the plot is linear throughout the entire 
polymerization indicating a constant number of propagating species throughout the 
reaction. Compared to the studies at 110 °C and 130 °C the polymerization is slow. The 
significant decrease in reaction rate in case of higher reaction temperatures at 110 °C and 
130 °C may be explained with the already high conversions (more than 80 %) when 
samples have been taken. This is confirmed by the observation that reaction mixtures 
became very viscous. In all cases molecular weight distributions have been similar 
(between 1.9 and 2.5 during the polymerization) independent of the reaction temperature. 
However, high degrees of polymerization have been reached at 80 °C (number of 
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repeating units nru = 632 at 71 % conversion, nru,(theory) = 412). In general the tendency 
was observed that molecular weights increase with decreasing temperature (Figure 2) in 
accordance to the theory since less radical species are generated at lower temperatures 
due to decreased half life time of AIBN.b Furthermore the comparison of monomer ratios 
during the reaction indicated the preparation of gradient type copolymers (Table 3-5). 
HEMA reacts faster in all cases although large excesses of less reactive BA were used. 
Different polymerizations at 110 °C and constant reaction time were performed with 
variation of monomer : α-MSD : AIBN ratios (see Tables 1 and 6). Particularly the 
molecular weight distributions give information about the control of the polymerization 
by α-MSD. In all cases molecular weight distributions increased with decreasing 
concentrations of the AFCT agent. Especially for low molecular weight polymerizations a 
large discrepancy of molecular weight distributions was observed if polymerization was 
conducted in presence of α-MSD revealing fast addition of the AFCT agent to 
macroradicals and fragmentation (see Scheme 1). However, it is interesting to note that 
serious differences in molecular weights only have been observed varying the α-MSD : 
AIBN ratios if low degrees of polymerization have been adjusted (compare polymers 1, 2 
and 7, Table 6). The fast addition of the AFCT agent is followed by fast generation of 
cumyl radicals due to the fragmentation step, which generates more growing chains. 
Figure 3 shows parts of the 1H-NMR spectrum of low molecular weight polymer to get an 
insight if macromonomers have been formed according to the proposed reaction 
mechanism (Scheme 1). Besides traces of α-MSD new signals appeared that can be 
assigned to the macromonomers endgroup (signals c and c´). Although not all polymer 
chains have to be end-capped with olefinic endgroups due to various chain termination 
reactions or due to further polymerization of the macromonomers, molecular weights 
determined via 1H-NMR spectroscopy (by comparison of the olefin protons with the 
protons of repeating units) are in agreement with theoretical ones. Thus it can be 
concluded that most polymer chains indeed are macromonomers. 
                                                 
b Half life time of AIBN in benzene: 21.2 h (60 °C), 2.4 h (80 °C), 7.7 min (100 °C); J. Brandrup, E.H. 
Immergut, Polymer Handbook 1989, 3rd ed. John Wiley & Sons, New York. 
Chapter C 
 187
0 50 100 150 200 250
0.0
0.5
1.0
1.5
2.0
2.5
3.0
 80 °C
 110 °C
 130 °C
ln
 [M
] 0 
/ [
M
]
t / min
 
Figure 1: First-order kinetic plot for the copolymerization of BA and HEMA (9 : 1) in BAc at 
different temperatures in presence of α-MSD, initiated by AIBN (kapp (80 °C) = 0.085 x 10-4 sec-1, 
kapp (110 °C, first) = 1.195 x 10-4 sec-1, kapp (110 °C, second) = 0.096 x 10-4 sec-1, kapp (130 °C, 
first) = 0.908 x 10-4 sec-1, kapp (130 °C, second) = 0.083 x 10-4 sec-1). 
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Figure 2: Mn vs. conversion for the copolymerization of BA and HEMA (9 : 1) in BAc at different 
temperatures in presence of α-MSD, initiated by AIBN. 
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Table 6: Influence of α-MSD and α-MSD : AIBN ratio: 
polymer 
[α -MSD] : 
[AIBN] 
Mn 
(theory)c 
Mn 
(THF-GPC) 
Mw/Mn 
(THF-GPC) 
Mn 
(NMR) 
1 1 : 1 1900 2100 2.04 3600 
2 1 : 0.1 1300 2000 2.32 900 
7 0 : 1 1800 4300 6.27 nd 
3 1 : 1 10000 9900 2.11 14200 
4 1 : 0.1 7000 12100 2.16 6700 
8 0 : 1 10000 10300 4.83 nd 
5 1 : 1 28800 25200 2.11 nd 
6 1 : 0.1 19800 30000 2.16 nd 
9 0 : 1 28800 22700 3.76 nd 
 
 
Figure 3: Parts of 1H-NMR spectrum of P(BA-co-HEMA) (polymer 4) showing the endgroups in 
CDCl3. 
 
 
C.4 Conclusion 
 
This chapter presents the addition-fragmentation chain transfer (AFCT) polymerization of 
BA and HEMA using AIBN and α-MSD (2,4-diphenyl-4-methyl-1-pentene, Nofmer®) as 
AFCT agent. It has been shown that α-MSD controls the molecular weight distribution 
and introduces functionality in free-radical polymerization. Different molecular weight 
polymers have been synthesized using varying concentrations of α-MSD. The ability to 
synthesize linear high molecular weight copolymers was proofed to be successful.  
Since controlled radical polymerization via the reversible addition-fragmentation chain 
transfer (RAFT) process results in even less molecular weight distributed polymers with 
higher molecular weights (see chapter 2) this method using α-MSD was proofed to be not 
attractive. 
                                                 
c used equation Mn (theory) = {( [M]0 / [I]00.5 ) x conversion} x Mmonomer 
4.704.804.905.005.105.205.30
(ppm)
OO OO
OH
9
1´
8
1
2
3 4
5
6
7
arom arom
a a´
b
c c´
x x´
 x´ x CH2Cl2 
  c´ c
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